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by Katie Baker
Barley (Hordeum vulgare) is an economically important crop species with a large diploid
genome. Around a half of the barley genome and a fifth of the genes are constrained
within a low-recombining pericentromeric (LR-PC) region. I explored the LR-PC gene
component with a genomic investigation of gene expression, diversity and evolution.
Chromatin environments were also explored in the LR and high recombining (HR) re-
gions by surveying the genic and genomic distributions of nine histone modifications.
Firstly, regions of HR and LR were identified and compared for gene evolution, expres-
sion and diversity. LR regions of the barley genome were found to be restrictive for gene
evolution and diversity, but not gene expression. I employed a bioinformatics approach
to identify ancient gene pairs in barley to determine the long-term effects of residency
in those regions upon gene evolution. Gene pair loss in LR regions was found to be ele-
vated relative to the HR regions. Applying the same method to rice and Brachypodium
distachyon revealed the same situation, suggesting a universal process in the grasses
for loss of gene pairs in LR regions. The chromosomal distributions of transposable
elements (TEs) were also explored and examined for correlations with recombination
rate.
Abstract xv
Secondly, I developed a chromatin immunoprecipitation followed by Next Generation
Sequencing (ChIP-seq) protocol for the investigation of histone modifications in barley
seedlings. A protocol was optimised for the fixation, extraction and sonication of bar-
ley chromatin. The protocol was applied using antibodies against 13 different histone
modifications. Following DNA library construction and Illumina sequencing, a bioin-
formatics pipeline was devised to analyse the sequence data. NGS reads were mapped
to a custom assembly of the barley cultivar Morex reference genome sequence before
peak calling. Genomic and genic locations were determined for the covalently modi-
fied histones. Four modifications were discarded from further study on the basis of low
peak numbers or unexpected chromosomal locations. The remaining nine modifications
were classified into four groups based on chromosomal distributions. Groupings were
closely mirrored by peak sharing relationships between the modifications except histone
H3 lysine-27 tri-methylation (H3K27me3). In addition, chromatin states representing
local chromatin environments were defined in the barley genome using the peak shar-
ing data. Mapping the states onto the genome revealed a striking chromatin structure
of the gene-rich chromosome arms. A telomere-proximal region bearing high levels of
H3K27me3-containing states was found adjacent to an interior gene-rich region char-
acterised by active chromatin states lacking H3K27me3. The LTR retroelement-rich
interior was found to be associated with repressive chromatin states. The histone modi-
fication status of TE classes were also probed revealing unexpected differences relating
to the genomic and genic distributions of these elements. Finally, a genome browser
was created to host the information publicly.
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CHAPTER 1
INTRODUCTION
There is much interest in the genome biology of the grasses, as many of the world’s most
economically important crops, such as rice, wheat and barley belong to this family.
These species are descended from a common ancestor that approximately 60 million
years ago (MYa) underwent a whole genome duplication (WGD) event (Salse et al.,
2008). In the ensuing millennia chromosomal rearrangements have given rise to diverse
genomes within the grasses, with extensive conserved blocks of genes seen across the
related cereals species. This makes it possible to compare gene evolution within and
between cereal species that relate back to the WGD and phylogenetic lineage splits
respectively. Moreover, Next Generation Sequencing (NGS) has made it possible to
survey gene sequence and expression at an unprecedented scale.
The epigenetic environment of plant genomes, the epigenome, is also a subject of much
interest. Post translational modifications of histone tail residues is one important aspect
of epigenetics. Histone modifications are intricately linked to gene expression regula-
tion, transposable element (TE) repression and genome compartmentalisation. Little is
known of the Triticeae epigenome and there is still much to learn about the part epige-
netics plays in the regulation of such large genomes.
1
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This chapter explores the literature relating to Triticeae genome structure, evolution and
epigenomics. Section 1.1 introduces and describes the concepts of chromatin biology
and epigenomics. Section 1.2 describes the current understanding of Triticeae genome
structure and evolution, with special mention of the selective forces that have moulded
the genomes within the Triticeae. Section 1.3 gives an overview of the chromatin im-
munoprecipitation (ChIP) method and associated bioinformatics analyses. Finally, the
aims of this thesis are outlined in Section 1.4.
1.1 Chromatin, epigenetics and histone modifications
1.1.1 Chromatin structure
In eukaryotic genomes DNA is packed tightly into the nucleus as chromatin, a DNA-
protein complex. Nucleosomes are the basic building block of chromatin. Nucleosomes
are protein octamers constructed of two copies each of the histone subunits H2A, H2B,
H3 and H4 and ∼147 bp of DNA is wrapped around this protein core (Luger et al.,
1997). The primary structure of chromatin consists of DNA wrapped around nucleo-
somes, with linker DNA in between and resembles ”beads on a string” (Figure 1.1). The
nucleosomes in this 11 nm fibre undergo interactions with neighbouring nucleosomes.
These interactions wrap the chromatin up into 30 nm fibre, the secondary structure of
chromatin (Tremethick, 2007). The linker histone H1 sits between nucleosomes and
is involved in compacting chromatin into the 30 nm fibre (Trojer and Reinberg, 2007).
Tertiary structures are the subsequent chromatin fibres formed by interactions between
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FIGURE 1.1: Chromatin structure at successive levels of compaction. Diameters of
the structures are indicated. Figure adapted from Jansen and Vestrepen (2011).
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secondary structures resulting in higher orders of chromatin condensation (Luger et al.,
2012).
Chromatin is divided into two broad types, namely euchromatin and heterochromatin
that were originally defined in cytological terms. Under the microscope, heterochro-
matin is readily stained by chromosome banding techniques, i.e. C-banding, and ap-
pears highly condensed, whereas euchromatin is lightly stained (reviewed in Wyandt
and Tonk, 2012). Heterochromatin is abundant in the centromere and its surrounding
pericentromere (PC) and replicates late during the cell cycle (Lima-De-Faria and Ja-
worska, 1968). It was once thought that heterochromatin is devoid of genes. Now we
know that this is not the case. A large number of genome sequencing projects have re-
vealed that genes do reside in the heterochromatin (Yasuhara and Wakimoto, 2006), in-
cluding about 20-25% of genes in barley heterochromatin (International Barley Genome
Sequencing Consortium (IBGSC), 2012).
There are two types of heterochromatin, namely constitutive and facultative. Consti-
tutive heterochromatin has preserved heterochromatic properties during all stages of
development and in all tissues. Polymorphic satellite DNAs (satDNAs) are thought to
be a large component of constitutive heterochromatin (Dean and Schmidt, 1995). Con-
stitutive heterochromatin can thus be very polymorphic in nature. In a survey of 32
grass species, Winterfeld and Ro¨ser (2007) mapped the location of three satDNAs.
Their studies revealed that the location and extent of satDNAs, and so constitutive
heterochromatin, is highly heterogeneous between species, though the general over-
arching preference is for co-localisation with pericentromeric, subtelomeric and inter-
calary bands. Subtelomeres are chromatin regions adjacent to the telomeres, whereas
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intercalary bands are heterochromatin islands within the euchromatin. In the grasses
then, constitutive heterochromatin can be found throughout chromosomes but is espe-
cially abundant in the PC.
Histone H1 appears to be pivotal in the conformation of constitutive heterochromatin
and is depleted in transcriptionally active regions (Figure 1.2; see Trojer and Reinberg
(2007) for a review). Facultative heterochromatin is reversible, and its state is depen-
dent on the stage of development or the cell type. Early observations of facultative
heterochromatin include position effect variegation (PEV) in Drosophila and Barbara
McClintock’s studies of maize TEs (McClintock, 1950; Muller, 1930). It is now known
that epigenetic phenomena are a major factor in facultative heterochromatin, and more
generally chromatin, regulation (this is described in detail in Section 1.1.3)
FIGURE 1.2: Histone H1 is important for heterochromatin structure. Histone H1
is incorporated into chromatin at a 1:1 ratio with core nucleosomes over wide distances
and facilitates the formation of constitutive heterochromatin. Histone H1 can also pro-
mote local chromatin compaction for a transcriptionally repressed state when recruited
by trans-acting factors. Figure adapted from Trojer and Reinberg (2007).
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1.1.2 Chromatin regulation
Chromatin is dynamic, being changed by nucleosome positioning, histone variant occu-
pation and post-translational modifications of N-terminal histone tails. The properties
of nucleosomes can be altered in a complex and incompletely understood manner to
regulate chromosomal packaging, replication, recombination and expression (Berger,
2007; Dorn and Cook, 2011). By facilitating chromatin compaction, histones allow
chromatin structural regulation at the regional and chromosomal level. Histone variants
are encoded by separate genes and have distinct amino acid sequences and functional
properties from the canonical histones. For example, H2A.Z is a variant of H2A and
is found preferentially at transcription start sites (TSSs; Figure 1.3). As histone mod-
ifications are the epigenetic marks of interest in this thesis, it is beyond the scope of
this chapter to discuss the function and regulation of histone variants, see Weber and
Henikoff (2014) for a recent review.
Nucleosome positioning regulates transcription by altering chromatin structure at the
gene level. The histones in the 30 nm chromatin fibre repel DNA binding proteins
sterically and inhibit DNA-related events. Conversely, promoter regions are devoid
of histones and their place is taken by the transcription machinery (Workman, 2006).
Nucleosomes must also be removed in order for transcription to initiate and elongate
(Corey et al., 2003; Petesch and Lis, 2012). Figure 1.3 illustrates this concept, as well
as highlighting how histone variants and post-translational modifications of N-terminal
histone tails are important features for the transcription landscape.
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FIGURE 1.3: Typical genic chromatin features. Within and around transcribed
regions typical features can be observed across eukaryotes including nucleosome-
depleted regions (NDRs), histone variants (H3.3 and H2A.Z) and histone modifications
(H3K4me3, H4ac, H3K36me3). Distinct distributions of these epigenetic marks can
also be observed, i.e. increased enrichment of H3K4me3 around the TSS. Figure from
adapted Bell et al. (2011).
1.1.3 Post-translational histone modifications
Post-translational modification of N-terminal histone tails is an example of epigenetic
regulation. Epigenetic modifications have wide-ranging effects on gene regulation and
are important for organismal development, stress responses and genome compartmen-
talisation (Figure 1.4). Histone tail residues such as lysine (K), arginine (R) and serine
(S), can be covalently modified in numerous distinct ways including methylation, acety-
lation, phosphorylation and ubiquitination (Kouzarides, 2007). Chromatin modifying
enzymes facilitate the addition and removal of these groups.
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FIGURE 1.4: Histone modifications of H3 associated with plant euchromatin and
heterochromatin.
The functions of histone modifications are complex and incompletely known. Some
modifications are linked to increased gene expression such as acetylation at lysine-56 of
histone H3 (H3K56ac) and trimethylation at H3K4 (H3K4me3). Others, such as H3K9
di-methylation (H3K9me2), associate with constitutive heterochromatin in Arabidopsis
thaliana (Lippman et al., 2004). Differences in histone modifications also exist between
organismal phyla. Whereas H3K9me2 is the primary heterochromatic mark in plants,
H3K9me3 takes its place in animals (Peters et al., 2003).
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While the epigenome of Arabidopsis has been intensive studied, the epigenomes of ce-
real species have received less attention. Most epigenetic studies have been focused on
maize and rice, with very little attention given to wheat or barley. Cytological research
utilising fluorescence in situ hybridisation (FISH) provided early accounts of global
genomic positioning of histone modifications (Houben et al., 2003). Differences in cy-
togenetic profiles for different modified histones have been observed in maize and rye
(Carchilan et al., 2007; Shi and Dawe, 2006).
More recently, NGS techniques have allowed a bioinformatics approach to identifying
regions of histone modification enrichment (see Section 1.3). ChIP-chip and ChIP-seq
allow sequencing of immunoselected DNA fragments via array or NGS sequencing re-
spectively. These techniques were used in maize and rice to show modified histones
have different distribution patterns between genes and TEs (He et al., 2010; Li et al.,
2008b; Wang et al., 2009) and in maize, H3K27me3 shows locational polymorphism
between different tissues (Makarevitch et al., 2013). In maize none of the five chro-
matin modifications tested clearly differentiated PCs, centromeres and chromosome
arms (Gent et al., 2012).
The studies outlined above have either looked at localized genomic regions (Wang et al.,
2009; Wu et al., 2011), used only a few epigenetic marks (Gent et al., 2012; He et al.,
2010; Li et al., 2008b; Makarevitch et al., 2013; Wang et al., 2009; Wu et al., 2011)
or have used cytogenetic tools that cannot relate epigenetic features to DNA sequence
(Higgins et al., 2012; Houben et al., 2003; Jin et al., 2008). Furthermore, lessons learnt
from other species are valuable, but it must be kept in mind that different species utilise
epigenetic modifications differently.
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Acetylation and methylation are the modifications of interest in this thesis so I will focus
on them, beginning with the former.
1.1.4 Histone acetylation
Histone acetylation correlates with transcriptional activation. This is linked with the
biophysical effect of the acetyl group, which neutralises the positive charge associated
with lysine and arginine amine groups in the histone tail (Hong et al., 1993). The affinity
between the tail (and therefore the nucleosome) and DNA is therefore reduced, result-
ing in an open chromatin conformation which then allows access to the transcription
machinery (Lee et al., 1993). Numerous lysine residues in the tails of histones H3 and
H4 can be acetylated (Kouzarides, 2007). The general function of histone acetylation is
facilitating transcriptional activation, though subtle functional differences exist between
acetylated residues. This section will focus on H3K56 acetylation as this mark will be
surveyed in the barley genome by me.
1.1.5 H3K56 acetylation
This modification was discovered relatively recently (Xu et al., 2005). H3K56 is acety-
lated on newly synthesised histones and this process is linked to the cell cycle. H3K56ac-
containing histones are incorporated into chromatin during S phase, but by G2 the
residue is deacetylated (Masumoto et al., 2005). Moreover, H3K56ac has been shown
to play a role in nucleosome assembly in yeast (Li et al., 2008a). Acetylation of H3K56
has also been reported during the G1 phase (Kaplan et al., 2008) and following DNA
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damage (Galande and Haldar, 2010). In Arabidopsis early replicating sequences were
found to be enriched for H3K56ac (Lee et al., 2010).
Lysine-56 lies within the core of H3, facing the major groove of DNA so it is thought
to be a major factor for histone/DNA interactions (Kouzarides, 2007; Xu et al., 2005).
Indeed, although H3K56ac has not been surveyed in many species, a strong positive
correlation between the modification and gene expression is observed (Gupta et al.,
2013; Roudier et al., 2011; Xu et al., 2005). In Arabidopsis, H3K56ac is strongly
enriched around the TSS and in euchromatin (Roudier et al., 2011). The H3K56ac
genomic distribution of cereals is currently unknown.
Histones are acetylated by histone acetyltransferases (HATs) and deacetylated by his-
tone deacetylases (HDACs). In yeast, Rtt109 was identified as the major HAT for lysine-
56 acetylation (Han et al., 2007). No animal Rtt109 homologue exists but H36K56
HATs were identified in fly (CBP) and humans (CBP and p300; Das et al., 2009). In
the same study, H3K56ac HDACs were also described, SIR2 (Silent Information Regu-
lator 2) in fly and SIRT1 and SIRT2 in humans. No plant H3K56-specific HATs/HDAC
proteins have been identified yet though CBP and SIR2 gene homologues have been
identified in Arabidopsis (Pandey et al., 2002). Additional genes encoding HAT/HDAC
proteins have also been identified in Arabidopsis (Boycheva et al., 2014). In maize, bar-
ley and rice HATs/HDAC genes have also been identified (Rossi et al., 2007; reviewed
in Lusser et al., 2001). Maize HDAC hda101 mutants were found to have increased
levels of acetylated histones over wild-type (Rossi et al., 2007). Although H3K56ac-
specific HAT/HDAC proteins have not been characterised in plants it is possible the
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large pool of genes with homology to HATs/HDACs encode proteins which acetylate or
deacetylate this residue.
1.1.6 Histone methylation
Unlike histone acetylation, which correlates with transcriptional activation only, his-
tone methylation can signal gene activation or repression depending upon the particular
modification(s). Lysine and arginine residues are possible sites for post-translational
histone methylation (Kouzarides, 2007). Lysines can be modified by mono-, di- and
tri-methylation whereas arginines can only be modified by mono- and di-methylation.
This section will focus on lysine methylation alone but see Ahmad and Cao (2012)
and Bedford and Clarke (2009) for recent reviews of arginine methylation in plants and
mammals respectively.
Methylation of histone lysines is catalysed by histone lysine methyltransferases (HKMTs),
which are also known as SET [Su(var)3-9, Enhancer of zeste, Trithorax] domain-containing
methyltransferases (Qian and Zhou, 2006). First identified in Drosophila, 41 Arabidop-
sis and 37 rice HKMT gene homologues have been discovered (Liu et al., 2010). The
different HKMTs mediate methylation of different lysine residues and will be described
in the following sections. Histone methylation can also be reversed by histone demethy-
lases (HDMs). Two groups of HDM have been identified in both Arabidopsis and rice,
namely Lysine-specific Demethylase (LSD) and Jumonji C (JmjC)-domain-containing
proteins (Chen et al., 2011).
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The following sections describe the current knowledge of H3K4, H3K9, H3K27 and
H3K36 methylation in model plant, yeast and animal systems.
1.1.7 H3K4 methylation
H3K4 is one of the most deeply studied histone modifications. Chromosomal enrich-
ment of H3K4 methylation in plants is overwhelmingly euchromatic, though some
subtle differences exist between species (Carchilan et al., 2007; Houben et al., 2003;
Roudier et al., 2011). Cytological investigation of barley and maize chromosomes re-
vealed that H3K4 methylation is highly enriched in the chromosomes arms (Houben
et al., 2003). A similar investigation of rye chromosomes also revealed a preferential eu-
chromatic location for H3K4 methylation, with mono- and di-methylation of the mark
exhibiting a more disperse distribution than tri-methylation (Carchilan et al., 2007).
ChIP-chip analysis in Arabidopsis revealed that H3K4me2/3 is associated mostly with
euchromatic regions and a few heterochromatic regions (Roudier et al., 2011).
H3K4me3 has a very characteristic distribution around the TSS and is one of the
strongest marks corresponding to gene transcriptional activation. In yeast, plants and
animals, methylation of this residue has a strong association with active genes (Bern-
stein et al., 2002, Bernstein et al., 2005, Li et al., 2008b, Zhang et al., 2009). The
mechanisms by which H3K4me3 can direct gene expression activation are not wholly
known. In yeast, H3K4me3 marking is thought to be a consequence of transcription
(reviewed in Vermeulen and Timmers, 2010). However, studies in metazoans suggest
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H3K4me3 is actively linked to transcription. Recently it was shown H3K4me3 en-
hances transcription by stimulating formation of the transcription pre-initiation com-
plex (PIC; Lauberth et al., 2013). The PIC contains RNA Polymerase II (RNAPII)
and general initiation factors amongst other subunits (Kornberg, 2007; Murakami et al.,
2013). The PIC can recognise promoter regions, select TSSs and synthesise transcripts
(Kornberg, 2007). H3K4me3 interacts with a subunit of the general initiation factor
TFIID in vitro, thereby facilitating recruitment of TFIID to the TSS region which is
then thought to promote transcription via PIC assembly (Lauberth et al., 2013; Ver-
meulen et al., 2007). It remains to be seen whether this molecular mechanism applies
to transcriptional regulation in plants.
H3K4me1/2 have more subtle relationships with gene expression. A study in Arabidop-
sis found that the combination of H3K4me1/2 with H3K4me3 was more important for
determining correlation with gene expression than H3K4me1/2 alone (Zhang et al.,
2009). Specifically, H3K4me1/2 was correlated with high expression only when co-
localised with H3K4me3. In rice, H3K4me2 is not positively correlated with gene ex-
pression and is predominately associated with mid-level transcription (Li et al., 2008b).
The genic location of H3K4me2 can vary within and between species by being predom-
inately TSS-associated or spread across the whole gene body (Bernstein et al., 2005; Li
et al., 2008b). Differential genic localisation of this mark to the TSS or gene body is
thought to be a signature of tissue specificity in humans (Pekowska et al., 2010).
Methylation of H3K4 is facilitated by Trithorax group (TrxG) SET proteins. Trithorax
(TRX) is a subunit of the COMPASS-like (complex proteins associated with Set1) com-
plex (reviewed in Schuettengruber et al., 2011). In Drosophila, TRX protein has been
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shown to form a complex with the histone acetyltransferase dCBP (Petruk et al., 2001),
thus promoting an open chromatin conformation. ARABIDOPSIS TRITHORAX ATX1
is a homologue of the Drosophila TRX protein (Alvarez-Venegas et al., 2003). In bar-
ley a TRX-like gene, HvTX1 was identified recently (Papaefthimiou and Tsaftaris, 2012)
but little is known concerning its genetic or biochemical activity.
The mechanisms by which TrxG proteins are recruited to target sites are not com-
pletely known and different mechanisms have been proposed for different species. In
Drosophila TrxG complexes are recruited to specific DNA sequences known as TrxG
response elements (TREs; Schuettengruber et al., 2011). In mammals TREs have not
been identified but human TrxG homologues can be recruited via interaction with long
non-coding RNAs (lncRNAs) in vitro (Wang et al., 2011).
In plants, no specific mechanism by which TrxG proteins bind target sites has been pro-
posed. In Arabidopsis however, ATX1 was found to bind to the lipid messenger phos-
phatidylinositol 5-phosphate (PI5P) which is upregulated during hyperosmotic stress
(Alvarez-Venegas et al., 2006). PI5P negatively regulates ATX1 activity which indi-
cates a mechanism by which Arabidopsis may modulate epigenetic factors in response
to external stimuli. van Dijk et al. (2010) used ChIP-seq to show that H3K4 methy-
lation is a dynamic process and histone methylation patterns change in response to
dehydration stress in Arabidopsis. In barley, HvTX1 was found to be drought-inducible
(Papaefthimiou and Tsaftaris, 2012).
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1.1.8 H3K9 methylation
Whereas acetylation of H3K9 is associated with increased gene expression (Zhou et al.,
2010), methylation of the same residue has a repressive effect on the DNA associated
with it. This effect is observable across all eukaryotes studied to date (Ebert et al.,
2004; Lippman et al., 2004; Martens et al., 2005; Nakayama et al., 2001; West et al.,
2014; Zhou et al., 2010). H3K9 tri-methylation is the main repressive chromatin mark
in mammals whereas in plants, H3K9me2 is the main mark involved with transcrip-
tional silencing. Though the overarching function of H3K9 methylation is chromatin
repression, some differences exist between species. For example, H3K9me1 has been
found at the TSS of active genes in humans (Barski et al., 2007) whereas in Arabidopsis,
H3K9me1 is a heterochromatic mark (Naumann et al., 2005).
H3K9 methylation is enriched in heterochromatin in Arabidopsis and dispersed along
the chromosome in wheat, rice, maize and barley (Houben et al., 2003). Carchilan et al.
(2007) performed FISH utilising separate antibodies (Abs) for each of the methylation
states of H3K9 in rye. All three methylation stages could be observed along the whole of
the chromosomes with H3K9me2 exhibiting elevated enrichment in the PC. Moreover,
H3K9me3 had the most punctate distribution of the three states. This could indicate
distinct roles for H3K9 methylation in the Triticeae genome.
Plants and animals utilise H3K9 methylation to repress chromatin but have distinct
mechanisms. In Arabidopsis, TE expression is silenced by RNA interference (RNAi;
Lippman et al., 2004). Small interfering RNAs (siRNAs) produced by the transcription
Chapter 1. Introduction 17
of TEs guide DNA and H3K9me2 methylation. The mechanism is very similar in fis-
sion yeast where it was found siRNAs that are loaded into the Argonaute protein Ago1
which then directs H3K9me2 deposition through the SET protein Clr4 (Irvine et al.,
2006; Volpe et al., 2002). In rice, H3K9me2 and DNA methylation were found to be
critical for the repression of the retrotransposon Tos17, an element whose expression is
turned on in cell culture (Ding et al., 2007). DNA methylation is a repressive epigenetic
mark that can directly prevent transcription factor binding or deacetylate nearby his-
tones, thereby decreasing transcription (reviewed in Ng and Bird, 1999). The molecular
mechanism by which DNA methylation represses gene expression is not completely
known. It is thought that DNA methylation recruits methyl-binding proteins which sta-
bilise a condensed chromatin conformation restricting access to transcription machinery
(Bird and Wolffe, 1999; Curradi et al., 2002).
Methylation of H3K9me2 and DNA is reinforced through positive feedback loops.
Arabidopsis DNA methylation mutants exhibit decreased H3K9me2, indicating that
H3K9me2 methylation requires DNA methylation (reviewed in Liu et al., 2010). More-
over, H3K9 HKMT mutants exhibit reduced non-CG DNA methylation (Jackson et al.,
2002) indicating a reciprocal reinforcement mechanism exists. At the genome level,
DNA methylation and H3K9me2 are both found heavily enriched in PC regions in Ara-
didopsis (Bernatavichute et al., 2008). Cereals genomes also exhibit high coincidence
of DNA methylation and H3K9me2 (Li et al., 2012; West et al., 2014). However, in rice
DNA methylation can be found throughout the chromosome with only slight enrichment
in the PC region, probably due to the widespread TE distribution along chromosomes
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(Li et al., 2012). As H3K9me2 is so tightly linked to DNA methylation, a molecu-
lar mechanism for transcriptional silencing mediated solely by H3K9me2 has not been
identified (Rigal and Mathieu, 2011) though methyl-K9 induces deacetylation of both
H3 and H4 in vitro (Stewart et al., 2005).
In mammals and fission yeast H3K9me2/3 binds to Heterochromatin Protein 1 (HP1)
and Swi6, its yeast homologue respectively (Bannister et al., 2001; Jacobs and Kho-
rasanizadeh, 2002; Lachner et al., 2001). HP1 is an important component of constitutive
heterochromatin and in animals and yeasts, HP1/Swi6 is responsible for the formation
and maintenance of heterochromatin by creating a closed chromatin structure (Danzer
and Wallrath, 2004; Canzio et al., 2011; Wreggett et al., 1994). Cytological investiga-
tion of HP1 in animals revealed that the protein is heavily enriched in the PC regions
(reviewed in Eissenberg and Elgin, 2000). H3K9me3 has a greater affinity for HP1 than
H3K9me2, which could explain why H3K9me3 is the dominant heterochromatic mark
in animals (Jacobs and Khorasanizadeh, 2002). HP1 has also been shown to bind to
DNA methyltransferases in various non-plant systems (Fuks et al., 2003; Honda and
Selker, 2008; Smallwood et al., 2007). Repression of chromatin is orchestrated by an
interplay of histone modification and DNA methylation in both plants and animals.
The methylation of H3K9 is catalysed by the Su(var)3-9 homologues, SUVH and SUVR,
in plants. 15 Arabidopsis and 12 rice Su(var)3-9 homologues have been identified
(Zhu et al., 2011). In Arabidopsis SUVH genes have heterochromatic silencing roles
via mono- or di-methyltransferase activity, whereas SUVR genes are involved in het-
erochromatic silencing, with the encoded proteins also being localised to the nucleo-
lus (Thorstensen et al., 2006; Zhu et al., 2011). Springer et al. (2003) identified 10
Chapter 1. Introduction 19
maize Su(var)3-9 homologues. Moreover, phylogenetic analysis between maize and
Arabidopsis SET proteins revealed that gene duplications were extensive and preceded
the divergence between monocots and dicots (Springer et al., 2003). In Arabidopsis
TERMINAL FLOWER2 (TLF2; also known as LIKE HETEROCHROMATIN PROTEIN
1 [LHP1]), a HP1 gene homologue, was identified (Gaudin et al., 2001). Studies with
tlf2 mutants revealed that genes were silenced in the euchromatin, not heterochromatin
indicating constitutive heterochromatin may be regulated in a different manner to ani-
mals and yeasts (Nakahigashi et al., 2005).
1.1.9 H3K27 methylation
Methylated H3K27 is a complex mark. H3K27 methylation appears to have roles in
repressing expression of both genes and TEs. In Arabidopsis, TEs are are enriched for
H3K27me1, as well as H3K9me2 (Bernatavichute et al., 2008; Roudier et al., 2011),
whereas H3K27me3 is an exclusively genic mark (Roudier et al., 2011; Zhang et al.,
2007). H3K27me3 plays a central role in the establishment of facultative heterochro-
matin in plants and animals (Makarevitch et al., 2013; Schuettengruber et al., 2007).
H3K27me1 is a very strong heterochromatic mark in Arabidopsis where it is inversely
correlated with gene expression and associated with TEs (Jacob et al., 2010; Roudier
et al., 2011). ChIP-chip was used to map the genomic distribution of H3K27me2 in
Arabidopsis (Park et al., 2012). The mark was found to be enriched across chromosomes
with a subtle increase around centromeres. Moreover, H3K27me2 was found to be
commonly associated with TEs (Park et al., 2012).
Chapter 1. Introduction 20
Characterisation of H3K27me1/2 in cereals is quite limited. In maize, H3K27me1 was
found enriched along the whole chromosome whereas H3K27me2 was found localised
to PCs and heterochromatic knobs (Shi and Dawe, 2006). In a genome-wide study,
Gent et al. (2012) found H3K27me2 was enriched in heterochromatin and depleted in
expressed genes. Cytological analysis of rye revealed H3K27me1 has an even distribu-
tion across chromosomes whereas H3K27me2 is enriched at the ends (Carchilan et al.,
2007).
H3K27me3 is the most highly studied H3K27 methylation state. H3K27me3 is found
distally on chromosomes in Arabidopsis and cereals (Carchilan et al., 2007; Higgins
et al., 2012; Makarevitch et al., 2013; Zhang et al., 2007). Furthermore, H3K27me3
co-localises with genes and enrichment is correlated with repression of gene expression
leading to a proposed role in facultative heterochromatin establishment (He et al., 2010;
Makarevitch et al., 2013; Zhang et al., 2007). H3K27me3 marks multiple developmentally-
regulated genes in Arabidopsis and genes with tissue-specific expression in Arabidopsis
and maize (Holec and Berger, 2012; Makarevitch et al., 2013; Zhang et al., 2007).
Methylation of H3K27 is catalysed by the SET protein Enhancer of zeste [E(z)] in
Drosophila (Czermin et al., 2002). E(z) is part of the Polycomb repressive complex 2
(PRC2) which also includes the subunits Extra Sex Comb (ESC), Suppressor of zeste
12 [Su(z)12] and Nucleosome remodeling factor 55-kDA (Nurf55; Mu¨ller et al., 2002).
PRC2 binds to target genes and methylates H3K27 via E(z) which prevents acetylation
of that residue (Pasini et al., 2010). Moreover, E(z) mediates at all the stages of H3K27
methylation in Drosophila (Ebert et al., 2004).
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In Arabidopsis it is thought E(z) homologues, CURLY LEAF (CLF), MEDEA (MEA)
and SWINGER (SWN), regulate H3K27 di- and tri-methylation (Baumbusch et al.,
2001; reviewed in Liu et al., 2010). Barley, maize and rice E(z) homologues have
also been identified (Kapazoglou et al., 2010; Luo; Springer et al., 2003). In contrast
to Drosophila, Arabidopsis has a different mechanism for H3K27 monomethylation
(Jacob and Michaels, 2009). ARABIDOPSIS TRITHORAX-RELATED PROTEIN 5
(ATXR5) and ATXR6 catalyse H3K27 mono-methylation instead of E(z) (Jacob et al.,
2009). Homologues of ATXR5 and ATXR6 have been identified in rice (Lu et al., 2013)
though their function has not been elucidated yet.
Arabidopsis has three PRC2 subunit Su(z)12 homologues including VERNALIZA-
TION2 (VRN2; Gendall et al., 2001). Vernalisation is thus implicated to be epige-
netically regulated (De Lucia et al., 2008). In barley, high levels of H3K27me3 are as-
sociated with VERNALIZATION1 (HvVRN1) before vernalisation (Oliver et al., 2009).
An increase in H3K4me3 and loss in H3K27me3 is then observed after vernalisation
(Oliver et al., 2009). Epigentic control of flowering via E(z) homologues has also been
observed in rice (Liu et al., 2014).
1.1.10 H3K36 methylation
H3K36 can be methylated in three states, though most research has been performed
on H3K36me3 and this literature review will reflect that. H3K36me3 is highly as-
sociated with increased gene expression in plants (Roudier et al., 2011; Zhang et al.,
2012). This association between H3K36me3 and gene expression is due to a well char-
acterised role in transcriptional elongation (Krogan et al., 2003; Kouzarides, 2007).
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In Drosophila, H3K36me3 was found to be highly enriched in housekeeping genes
(Brown and Bachtrog, 2014; Filion et al., 2010). Maize also exhibits low divergence
of H3K36me3 enrichment in genes expressed at the same level in root and shoot tissue
(Wang et al., 2009).
Mechanisms for the involvement of H3K36me3 in transcriptional elongation have been
elucidated in yeast. RNAPII associates with the H3K36me3-specific HKMT Set2 (Li
et al., 2003). H3K36 is therefore cotranscriptionally methylated (Kizer et al., 2005;
Krogan et al., 2003; Li et al., 2003; Schaft et al., 2003; Xiao et al., 2003). H3K36me3
mediates histone deacetylation resulting in a closed chromatin conformation after tran-
scription (Joshi and Struhl, 2005; Keogh et al., 2005; Carrozza et al., 2005). Deacetyla-
tion is thought to function as a block to inappropriate transcription initation (Carrozza
et al., 2005). More recently, Set2 was also found to impede H3K56ac incorporation
into open reading frames (ORFs; Venkatesh et al., 2012). RNAPII access to chromatin
is therefore restricted to promoter regions only and aberrant transcription is repressed.
Set2 plant homologues have been identified. Seven homologues exist in Arabidopsis,
though SET DOMAIN GROUP8 (SDG8) is the major H3K36me3 methyltransferase
(reviewed in Liu et al., 2010). In Arabidopsis H3K36me3-binding proteins, MRG1
and MRG2, were found to induce H4 acetylation leading to increased gene expression
of two flowering time genes (Xu et al., 2014). This suggests H3K36me3 mediates
increased gene expression in plants via a mechanism similar to yeast. A rice SET2
homologue, SDG725, has also been implicated in flowering time control though no
molecular mechanism was identified (Sui et al., 2013). In addition to flowering time
Chapter 1. Introduction 23
control, H3K36me3 was also shown to mediate plant defence against a necrotrophic
fungi in Arabidopsis by inducing the jasmonate/ethylene pathway (Berr et al., 2010).
The role of H3K36me3 is not just limited to regulating gene expression. Research in
mouse indicates that H3K36me3 is enriched in constitutive heterochromatin and facul-
tative heterochromatin and is suggested to contribute to the composition of heterochro-
matin with other histone modifications (Chantalat et al., 2011). In mammalian stem
cells, H3K36me3 has been found to recruit PRC2 which then orchestrates de novo gene
silencing (Abed and Jones, 2012; Ballare´ et al., 2012; Brien et al., 2012). A similar
mechanism has not yet been identified in plants however.
1.2 Triticeae genome structure and evolution
Barley was domesticated ca. 8,000 years ago from its wild progenitor Hordeum vulgare
ssp. spontaneum (hereafter termed H. spontaneum). It is the fourth most important ce-
real worldwide, after maize, rice and wheat. Barley is an inbreeding diploid species and
has become a model for genomic research in other Triticeae crops, including wheat and
rye. The sequence of the barley gene space, together with a framework for the genome
sequence (IBGSC, 2012); comprises 26,159 high-confidence (HC) genes anchored to a
3,479-point genetic map (Comadran et al., 2012). The reference genome assembly is
composed of ∼2.7 million contiguous DNA sequences (contigs) of the barley cultivar
Morex. More recently, population sequencing (PopSeq) has allowed ∼750,000 of the
contigs to be assigned a genetic map location (Mascher et al., 2013).
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The ancestor of the cereal grasses underwent an WGD event, around 50-70 MYa (Salse
et al., 2008). Since then there have been multiple lineage-specific genomic rearrange-
ments (Salse et al., 2008; Thiel et al., 2009) in the evolving cereal lineages. The com-
parative genomics of barley versus small genome grass model species has been analysed
in depth and the major segmental rearrangements that distinguish the different genomes
are known (Figure 1.5; IBGSC, 2012; Salse et al., 2008; Thiel et al., 2009). Collinearity
and synteny, conserved blocks of adjacent genes, in the cereal genomes is widespread
and facilitates the study of comparative and evolutionary genomics. In addition, there
has been extensive gene loss, which has been biased in favour of one or other of the
progenitor diploid genomes (Schnable et al., 2012).
WGD is widespread in plants. Polyploidisation is thought to have occurred at least once
in all extant higher plants at some point in their evolutionary history. Two WGDs pre-
dating the dicot and monocot split occurred ca. 319 and 192 MYa (Jiao et al., 2011).
Whereas WGD is mostly damaging to animals, polyploidisation of plant genomes is
tolerated and a rich source of new genetic material on which natural selection can act
(Otto and Whitton, 2000). Following polyploidisation, functional divergence can occur
rapidly giving rise to genes with new or specialised functions (Blanc and Wolfe, 2004).
This section sets out an introduction to Triticeae genome structure and evolution. The
importance of recombination to chromatin environment is explored and plant euchro-
matin and heterochromatin is described. Epigenomics is discussed as an exciting new
area of genome evolution.
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FIGURE 1.5: Synteny between rice and barley. Conserved blocks of genes can be
observed in the barley and rice genomes. Coloured lines correspond to orthologue
pairs. Rice distances are given in Mbp, barley distances are given in cM. Histograms
above the rice chromosomes give the ratio of number of orthologues to genes. His-
tograms above barley chromosomes give the total number of markers (grey) and the
proportion of markers with orthology to rice (red). Adapted from Thiel et al. (2009).
1.2.1 Gene fate following WGD
Gene duplications create identical pairs of genes. The timing and extent of such an
event relative to speciation affect the type of duplication. Orthologues are homologous
sequences with a common ancestor which have split due to a speciation event (Fitch,
2000). Paralogues are homologous sequences derived from a duplication event within
Chapter 1. Introduction 26
a species (Fitch, 2000). Ohnologues are specifically WGD-derived paralogues (Wolfe,
2000).
Sequence divergence can be measured by determining rates of synonymous and non-
synonymous changes (Ks and Ka respectively) in protein-coding gene regions. Nu-
cleotide substitutions that result in a change of amino acid are non-synonymous and
therefore result in an altered protein on which natural selection can act. Synonymous
changes do not bring about a change in the amino acid sequence and can be informa-
tive for evolutionary inference (Seo and Kishino, 2007) because they are effectively
neutral with regard to natural selection. Ratios of Ka/Ks define the selection that the
sequence is undergoing (Hurst, 2002; Yang and Bielawski, 2000). Where Ka/Ks>1 the
sequences are undergoing positive (diversifying) selection as an amino acid change of-
fers a selective advantage in the two different genes. Where Ka/Ks1 the sequences
are experiencing purifying selection due to deleterious amino acid changes.
After a WGD the number of genes doubles, yet the fate of these duplicated genes is
not completely understood. Gene loss following WGD is relatively rapid and proceeds
via fractionation or ”diploidisation”, a process whereby a polyploid genome turns into
a diploid one (Wolfe, 2001). Moreover, gene loss appears to be biased by genomic
region, a process known as biased fractionation (Thomas et al., 2006; Woodhouse et al.,
2010). In maize, biased fractionation depends on gene expression, with selection acting
to retain ohnologues with the greatest gene expression (Schnable et al., 2011; Thomas
et al., 2006).
Biased fractionation is also thought to act on whole homoeologous chromosomes, and
even sub-genomes (part of a genome which is homoeologous to one of the parental
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genomes; Cheng et al., 2012; Schnable et al., 2011). In maize, gene expression was
not just found to be skewed in gene pairs but also to be dominant in one sub-genome in
preference over the other (Schnable et al., 2011). This observation relies on assigning
chromosomal regions to sub-genomes derived from a maize-specific WGD from ∼12
MYa based on synteny to sorghum which did not undergo the same WGD. Regions
with the greatest synteny to sorghum were assigned to one sub-genome in preference to
the other. This may be a biased method though, as there is no indication that the most
highly conserved regions reside in the same sub-genome.
Another potential fate that await genes after duplication is pseudogenisation. Pseu-
dogenes are non-functional DNA sequences derived from genes (Vanin, 1985). Pseu-
dogenisation is the accumulation of mutations which disrupt the ORF, thus rendering
the gene non-functional. Pseudogenes are abundant in plant genomes, with 4,771 and
28,330 pseudogenes identified in Arabidopsis and rice respectively (Zou et al., 2009).
Pseudogenes are also subject to purifying selection, with older duplication events ex-
hibiting stronger purifying selection (Zou et al., 2009). This may at first seem contra-
dictory as pseudogenes do not produce functional proteins. They can still be useful as
noncoding RNA (ncRNA) genes however. In mouse, ncRNA was found to stabilise
mRNA produced by its homologous coding gene (Hirotsune et al., 2003).
As described in the previous section, following the ancient WGD, conserved blocks
of genes can be observed in cereal genomes. However, erosion of collinearity does
occur and following duplication movement of genes is often observed (Wicker et al.,
2011). The modes of movement include double strand break (DSB) repair and TE-
facilitated movement. Mutator-like transposable elements (MULEs) and helitron-like
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transposons were found to mediate gene or gene fragment movement in maize, rice and
Arabidopsis (Jiang et al., 2004; Morgante et al., 2005). DSB repair results in apparent
gene movement as genomic fragments are duplicated to DSB sites, followed by deletion
of the donor site (Wicker et al., 2010). Examination of surrounding sequences revealed
that the mechanism is linked to TE transposition.
Genes are most commonly lost after WGD, but some are retained and develop new or
altered gene functions (Freeling, 2009). Retained gene pairs diverge rapidly soon after
duplication, experiencing strong purifying selection (Lynch and Conery, 2000). Sub-
functionalisation, also known as the duplication, degeneration, and complementation
(DCC) model proposes that gene pairs are preserved after duplication due to comple-
mentary degenerative mutations in different regulatory elements, such that both genes
are now required to encode the ancestral function (Force et al., 1999). An example
of this would be the development of tissue-specific roles in the gene pairs. Follow-
ing the most recent WGD in soybean, ∼45% of retained duplicate gene pairs exhibit
differential expression (Roulin et al., 2012). Purifying selection was found to be dom-
inant in these sub-functionalised genes, suggesting an increased evolutionary pressure
to maintain biochemical function. Neo-functionalisation was found to be relatively rare
occurring in only 4% of duplicated genes (Roulin et al., 2012).
It is important to note that functional redundancy can persist in gene pairs over long
periods. For example, 55% of duplicated genes in soybean do not exhibit differential
expression (Roulin et al., 2012). Gene redundancy provides protection against deleteri-
ous mutations and it has been postulated that duplicated genes may reach an equilibrium
of partial redundancy which may delay complete sub-functionalisation (Wagner, 1999).
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However, after a WGD sister chromatids can pair in any combination and the selfing
habit of many plants, including soybean and barley, means that homozygosity of alleles
can arise in diploids and polyploids leading to inbreeding depression (Pikaard, 2001).
1.2.2 Recombination and chromatin environment
Recombination is the genetic exchange of homologous DNA sequences. Re-assortment
of alleles gives rise to genetic variation which selection can act upon. In barley, recom-
bination commences at telomeres and progresses internally, with crossover interference
inhibiting this process in the interior (Higgins et al., 2012). Also, recombination is re-
duced in the vicinity of TEs (Fu et al., 2002) and in PC regions it is strongly suppressed
(Higgins et al., 2012; IBGSC, 2012; Schmutz et al., 2010; Schnable et al., 2009).
Restricted recombination has potential impact upon gene evolution (Begun and Aquadro,
1992; Charlesworth et al., 2009; Hall et al., 2006; Hudson, 1994; Nordborg et al., 2005;
Wright et al., 2006). Multi-gene haplotypes in low-recombining (LR) regions are ex-
pected to evolve as concerted units with low diversity, which should be further reduced
by the preferred selfing habit of most cereal crop species, including barley. Newly
arising mutations in genes within LR regions, most of which would be either neutral
or weakly deleterious, persist for many generations in close genetic linkage because re-
combination cannot separate them and selection cannot remove them. This phenomenon
is known as Hill-Robertson interference.
LR-PC region residency also affects gain and loss of genes. Levels of gene tandem
duplication in rice and Arabidopsis are correlated with recombination rate (Rizzon et al.,
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2006), as the former relies upon unequal exchange. Thus, multi-copy gene clusters
would be expected to be smaller and/or less frequent in Triticeae LR DNA. Furthermore,
genes that have become duplicated following segmental duplication or WGD events
tend to be eliminated relatively rapidly during diploidisation (Wolfe, 2001). Loss of
ohnologues has tended to occur asymmetrically among duplicated genome segments
(Du et al., 2012; Thomas et al., 2006; Woodhouse et al., 2010), with HR-HR WGD gene
duplicates having evolved more rapidly (Du et al., 2012). Retained gene pairs seem to
diverge rapidly soon after duplication (Lynch and Conery, 2000) but more slowly than
single genes overall (Du et al., 2012; Yang et al., 2003a; Yang and Gaut, 2011).
There has been little study of the relationship between histone modifications and re-
combination in plants. Yan et al. (2005) surveyed 176 genes on rice chromosome 8 in
the recombination-free centromere and did not find any difference between H4 acetyla-
tion and H3K4me2 in these genes, compared to flanking recombining genes. However,
it is known that some histone modifications are involved in the initiation of meiotic
recombination in other species, e.g. H3K9ac in fission yeast (Yamada et al., 2013)
and H3K4me3, H3K27me3 and H3K9me1/2 in mouse (Crichton et al., 2014). Recom-
bination hotspots have been found to be enriched with H3K4me3 and H3K27me3 in
human and mouse sperm (Zeng and Yi, 2014). Interestingly, H3K9me3, H3K27me3
and H3K4me3 are all observed in the vicinities of barley telomeres in high abundance
during meiotic prophase, when recombination is ongoing (Higgins et al., 2012). Mech-
anisms for epigenetic regulation of recombination remain elusive however.
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1.2.3 Plant euchromatin and heterochromatin
Interphase chromatin partitions into highly compacted heterochromatin and less con-
densed euchromatin. The chromosomal locations of heterochromatic regions vary be-
tween species but they are commonly seen surrounding centromeres. Relative to the
euchromatin, heterochromatic regions of the genome tend to display low recombina-
tion rates, low gene content and high DNA repeat density, with much of the repeats
composed of TEs. Such LR-PC regions are huge in the major food crop cereal grasses,
comprising 50% or more of the total genome of barley for example (IBGSC, 2012).
For cereals there tend to be high levels of repressive epigenetic marks in the PC regions
but clear evidence also exists for such marks across the genome (Carchilan et al., 2007;
Gent et al., 2012; Higgins et al., 2012; Houben et al., 2003; Shi and Dawe, 2006).
Many cereal genomes are inflated in size, mainly as a result of the proliferation of TE
insertions, most of which are retrotransposons (IBGSC, 2012; Paterson et al., 2009;
Schnable et al., 2009). These insertions are more common in the regions surrounding
the centromeres, leading to inflation in the PC region, which comprises at least 48% of
the barley physical genome, containing an estimated 14-22% of the total barley gene
content (IBGSC, 2012). Thus, gene number is high for the PC region and gene density
is low, with each gene typically surrounded by huge TE arrays. This situation is not
confined to cereals; for example, roughly 57% of the soybean genome and ∼22% of its
genes are PC (Schmutz et al., 2010).
The LR-PC region is predominantly heterochromatic, being highly compacted through-
out the cell cycle. For sorghum, chromatin compaction and recombination rate are
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linked (Kim et al., 2005). In Arabidopsis DNA methylation and repressive histone
covalent modifications such as H3K9me2 (Hall et al., 2012; Lippman et al., 2004) cor-
respond closely. For cereals there tends to be higher levels of repressive epigenetic
marks in the PC regions but also clear evidence for the presence of such marks across
the genome (Carchilan et al., 2007; Higgins et al., 2012; Houben et al., 2003; Shi and
Dawe, 2006), consistent with the corresponding genomic distribution of retrotranspo-
son insertions (IBGSC, 2012; Paterson et al., 2009; Schnable et al., 2009). Collectively,
these data are consistent with the model that heterochromatin at the local level is defined
by TE density (Lippman et al., 2004) and for cereals may potentially be found almost
anywhere in the genome.
In animals, the juxtapositioning of heterochromatin near genes can lead to suppressed
gene expression (Jost et al., 2012) but, in Arabidopsis at least, genes surrounded by
heterochromatin are insulated from heterochromatic silencing (Lippman et al., 2004).
Total mRNA levels have been reported to be lower in the LR-PC region than for the
predominantly high-recombining (HR) chromosome arms in soybean (Du et al., 2012)
and maize (Gent et al., 2012). For rice, apparently contradictory results have been seen
between chromosomes for averaged mRNA levels for the LR-PC versus HR regions
(Wu et al., 2011; Yin et al., 2008). This issue is further complicated by the problem
of gene annotation in the LR region, which contains decayed TE remnants that can
be mis-annotated as normal genes and thus inflate the apparent genic diversity of the
PC region and distort other parameters such as gene expression data. In summary, the
available evidence suggests that total mRNA levels are low across plant PC regions but
this may be mainly due to low gene density, with averaged expression levels per gene
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not dramatically different from the rest of the genome.
The interaction between chromatin and TEs is fascinating and complex (Levin and
Moran, 2011). TEs are an ancient lineage with great differences among the different
classes in sequence, mode of transposition, insertion location and effect upon genes.
Different TEs insert preferentially into different genomic targets, varying from active
gene promoters to heterochromatin and in some cases it is clear that this recognition is
mediated by direct interaction of TE proteins with modified histones (Gao et al., 2008).
Conversely, TE activity is tightly repressed by the RNA silencing pathway, which tar-
gets DNA methylation to TEs (Lippman et al., 2004). The epigenomics of the different
TE classes has received little or no study in plants.
1.2.4 Epigenetics of genome evolution
In the course of genome evolution DNA mutates, genes diverge, duplicate or are lost
and chromosomes undergo insertions, duplications and rearrangements. The structure
of chromatin may have a role to play in the genomic response to selective forces. New
tantalising results suggest that gene evolution is correlated with chromatin state. In
soybean, it was found heterochromatic homeologs have fewer synonymous nucleotide
substitutions and higher gene expression than their euchromatic counterparts (Du et al.,
2012). The authors termed this the ’pericentromeric effect’. Recombination rate is
the likely cause of this, though it is possible epigenetic modifications contribute to this
effect.
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In support of this suggestion, nucleosome positioning has been found to be correlated
with nucleotide substitutions in species ranging from the Archaea to yeasts to hu-
mans (Warnecke et al., 2013). Histone modifications have also been linked to gene
evolution. In Arabidopsis and Drosophila H3K27me3 is linked to lower gene ex-
pression divergence and higher coding sequence divergence between gene pairs. In
Drosophila sequence and gene expression divergence was also found to be accompa-
nied by H3K27me3 divergence (Arthur et al., 2014; Berke et al., 2012). Additionally,
H3K27me3 status is preserved in orthologues at varying evolutionary distances, indi-
cating the mark can be conserved (Arthur et al., 2014). The relationship between gene
evolution and chromatin structure in the grasses is a relatively unexplored area.
Meagher (2010) defines epitype of single genes and entire genomes as ”the sum of all
cis-linked chromatin structures that distinguish it from naked DNA”. Cis-linked chro-
matin structure changes, such as histone modifications, are distinct from trans-acting
factors produced from different genes. Distinct histone epitypes have been identified in
Arabidopsis, rice and maize (Dong et al., 2012; He et al., 2010, 2013). In these cases,
genes exhibiting different epitypes have corresponding differences in gene expression.
If epigenetic modifications are found to be inherited in a Mendelian fashion it is possi-
ble selection can act on epitypes, an exciting proposal in crop development (Springer,
2013).
As yet there is no mechanism established for the meiotic inheritance of histone modi-
fications, though it is known that histones remain associated with DNA through repli-
cation (Annunziato, 2005; Bonne-Andrea et al., 1990). Recent work in Drosophila has
revealed that Polycomb group (PcG) proteins remain bound to DNA through replication
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and so H3K27me3 may be conferred onto successive cell generations (Francis et al.,
2009; Lo et al., 2012). Histone modifications themselves are not propagated through
replication but having the chromatin modifying enzymes in close proximity allows the
newly synthesised chromatin strands to be modified in the same way as the template
(Budhavarapu et al., 2013).
However, for histone modifications to be subject to selection they must be heritable.
Very little is known about transgenerational inheritance of epigenetic marks. An ex-
ample from mouse shows that coat colour phenotype is epigenetically determined by
DNA methylation of retroelements (REs) and is inheritable (reviewed in Daxinger and
Whitelaw, 2010). The presence and DNA methylation status of an upstream long termi-
nal repeat RE (LTR-RE) insertion impacts agouti A gene expression, resulting in differ-
ent coat colour phenotypes (Argeson et al., 1996; Michaud et al., 1994). Moreover, this
epigenetic phenotype is maternally inherited (Blewitt et al., 2006; Morgan et al., 1999).
The molecular mechanism of this inheritance is unknown however (Blewitt et al., 2006).
Transgenerational epigenetic inheritance of longevity has been reported in Caenorhab-
ditis elegans (Greer et al., 2011). In this study, COMPASS (see Section 1.1.7) mutants
with deficient H3K4me3 demethylase activity exhibited increased longevity. When
crossed with wildtype C. elegans, the offspring also exhibited increased life span for
up to three generations. These two examples indicate that epigenetic information may
be meiotically inherited, yet specific molecular mechanisms have yet to be elucidated
in yeasts, animals or plants.
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1.3 ChIP-seq - Chromatin immunoprecipitation followed
by Next Generation Sequencing
Large genomes come with specific challenges for genomics-based approaches. Large
expanses of repetitive DNA and a partially assembled reference genome are the major
roadblocks for barley NGS analysis. Sequencing methods which capture a subset of the
genome, like exome sequencing, are an effective way to retain high coverage for regions
of interest, such as the gene component. ChIP-seq also exhibits this quality (Figure 1.6)
but in this case the DNA associated with interacting proteins is sequenced. In order to
survey the epigenome of barley, DNA associated with particular histone modifications
must be captured and sequenced. Immunoprecipitation (IP) is a technique which em-
ploys antibodies (Abs) to isolate protein antigens. IP of fixed, purified chromatin (ChIP)
with Abs raised against histone epitopes of interest can therefore capture specific chro-
matin fractions. The DNA retrieved from these fractions can then be sequenced to
identify the immunoselected regions.
This section describes the ChIP-seq procedure in two parts, namely the ChIP method-
ology and bioinformatics data processing following NGS.
1.3.1 Chromatin immunoprecipitation
ChIP of chromatin that has been subjected to a crosslinking step is a commonly used
method for studying DNA-protein interactions. Crosslinking preserves the chromatin
structure by locking DNA and interacting proteins in place together (Das et al., 2004;
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FIGURE 1.6: Overview of the ChIP-seq method.
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Jackson, 1999). Crosslinking in plants is achieved by vacuum infiltrating fresh tis-
sue with formaldehyde (Haring et al., 2007). Following crosslinking, nuclei can be
extracted and chromatin sheared into fragments, either by sonication or by nuclease
digestion. Both approaches can generate a range of fragment sizes (Yamaguchi et al.,
2014).
Native ChIP bypasses the crosslinking step and can use either sonication or micrococ-
cal nuclease to shear the chromatin (Bernatavichute et al., 2008; O’Neill and Turner,
2003; Wagschal et al., 2007). Although less common than crosslinked-ChIP, native
ChIP has been used to survey the epigenome of Arabidopsis (Bernatavichute et al.,
2008). To investigate histone modifications both methods are suitable, though includ-
ing crosslinking may be more advantageous as increased stabilisation of crosslinked
chromatin minimises histone rearrangements during the isolation procedure (O’Neill
and Turner, 2003).
Following shearing, chromatin is immunoprecipitated with Abs raised against histone
epitopes. The general structure of an Ab is Y-shaped and consists of a variable (”V”)
region which recognises antigens and a membrane anchoring constant (”C”) region
(Janeway et al., 2001). Antibodies fall into five classes distinguished by their C re-
gion: IgA, IgD, IdE, IgG and IgM (Janeway et al., 2001). When Abs are used in ChIP
the antigen-binding site recognises particular modified residues, whilst the C-terminus
binds to protein A (Haring et al., 2007). Protein A is derived from Staphylococcus
aureus and can bind to IgG and IgM C-termini (Graille et al., 2000; Yang et al., 2003b).
In most immunoprecipitation applications, protein A is bound to agarose or magnetic
beads. Immunoselected chromatin attached to the beads via their protein A affinity
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can then be eluted from the beads. Crosslinks are then reversed by high temperature
(Jackson, 1999), which leaves a DNA fraction specific to the epitope of interest. Im-
munoselected DNA may then be assayed by qPCR (ChIP-qPCR) or generated into a
DNA library for NGS or hybridisation to oligo chip array (ChIP-seq and ChIP-chip re-
spectively). All three approaches have been applied in studies of cereal epigenetics (He
et al., 2010; Li et al., 2008b; Oliver et al., 2009).
1.3.2 Bioinformatics analyses
The first step in a bioinformatics pipeline for processing ChIP-seq NGS data is read
trimming and sequence alignment. Read mappers such as Bowtie2, BWA and STAR
(Dobin et al., 2013; Langmead and Salzberg, 2012; Li and Durbin, 2009) can be used
to align NGS reads to a reference genome.
Following this, regions of sequence enrichment in the genome are identified in the
genome in a process called peak calling. Peaking calling programs (peak callers) in-
clude CCAT, FindPeaks, MACS and SISSRS (Fejes et al., 2008; Jothi et al., 2008; Xu
et al., 2010; Zhang et al., 2008). Peak calling methodology is relatively new and stan-
dard procedures for quality control and handling of biological replicates have not yet
been established. The performance of peak callers varies, with large disparities in the
number of peaks called by different algorithms (Malone et al., 2011; Wilbanks and Fac-
ciotti, 2010). As the field has matured peak callers have become more specialised, with
some such as SISSRS being better suited to identifying transcription factor binding se-
quences and others, including CCAT, better suited to identify broader regions such as
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histone modification enrichment. Some programs try to tackle both types of enrichment
(FindPeaks).
Peak calling reliability can also be increased in other ways. Peak calling efficacy is
improved with a reliable control experiment (Park, 2009). This control generates the
background signal in the ChIP-data, against which the immunoselected-DNA read data
can be compared. Ideally, the control is taken from a DNA fraction which did not un-
dergo IP (Park, 2009). Utilising biological replicates can also improve the reliability of
peaks called. Official guidelines from the ENCODE project state that only two repli-
cates are needed for a robust ChIP-seq study (Landt et al., 2012), however it has also
been reported that at least three replicates are required to reliably call peaks (Yang et al.,
2014).
Once enriched regions have been identified, the biological significance of the peaks
must be determined. Relating peaks to genes allows the epigenetic status of those genes
to be determined. Multiple epigenetic characteristics can be determined, including cor-
relations with gene expression, chromosomal position and enrichment in TEs. The
Arabidopsis epigenome has been extensively studied and the distributions of a wide
range of modified histones and methylated DNA sites have been characterized (Lipp-
man et al., 2004; Roudier et al., 2011; Sequeira-Mendes et al., 2014). These studies
have shown that histone modifications have distinct distribution patterns with regard to
genes and TEs and these patterns vary depending upon gene activity.
A recent development in ChIP-seq bioinformatics analysis is chromatin state identifi-
cation. Analyses of peak sharing along the genomes of Arabidopsis and several animal
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species have shown that certain combinations of histone modification are frequent, lead-
ing to the model that a genome can be subdivided into small regions (or windows), each
carrying a characteristic combination of epigenetic marks that defines its corresponding
chromatin state (Ernst and Kellis, 2010; Roudier et al., 2011; Sequeira-Mendes et al.,
2014).
1.4 Aims of this project
Around 50% of the barley genome and roughly 20% of the genes is constrained within
the LR-PC region. My aim was to investigate this repressive genomic environment, by
performing a genomic investigation into i) gene expression, diversity and evolution in
the barley LR-PC region and comparing this with the corresponding properties of genes
in the predominantly euchromatic HR region; ii) The epigenomics of barley, with regard
to both genes and TEs.
CHAPTER 2
GENE EXPRESSION, DIVERSITY AND
EVOLUTION IN THE BARLEY LR-PC
REGION
The data presented in this chapter was published in the Plant Journal (Baker et al., 2014)
and was a result of a joint effort by multiple researchers. As such, the percentage of the
work performed by myself and others is stated in Table 2.1.
TABLE 2.1: Proportion of work performed by myself and others
Section Proportion of work I performed (%) Work also contributed by the following:
Results sections
2.2.1 0 Andy Flavell, Nicki Cook
2.2.2 10 Andy Flavell, Micha Bayer, Joanne Russell
2.2.3 0 Andy Flavell, Micha Bayer, Pete Hedley, Jenny Morris
2.2.4 0 Andy Flavell, Nicki Cook
2.2.5 50 Andy Flavell, Steven Dreißig, Micha Bayer
2.2.6 90 Andy Flavell
2.2.7 10 Taniya Dhillon
2.2.8 100 —
Discussion sections
2.3.1 10 Andy Flavell
2.3.2 0 Andy Flavell
2.3.3 50 Andy Flavell
2.3.4 0 Andy Flavell, Taniya Dhillon
2.3.5 50 Andy Flavell
2.3.6 50 Andy Flavell
2.3.7 100 —
2.3.8 100 —
2.3.9 25 Andy Flavell
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2.1 Abstract
The low-recombining pericentromeric region of the barley genome contains roughly a
quarter of the genes of the species, embedded in low-recombining DNA that is rich
in repeats and repressive chromatin signatures. The effects of pericentromeric region
residency upon the expression, diversity and evolution of these genes have been in-
vestigated. There was no observable significant difference in average transcript level
or developmental RNA specificity between the barley pericentromeric region and the
rest of the genome. In contrast, all of the evolutionary parameters studied here show
evidence of compromised gene evolution in this region. First, genes within the peri-
centromeric region of wild barley show reduced diversity and significantly weakened
purifying selection compared with the rest of the genome. Second, gene duplicates
(ohnologue pairs) derived from the cereal whole-genome duplication event ca. 60MYa
have been completely eliminated from the barley pericentromeric region. Third, local
gene duplication in the pericentromeric region is reduced by 29% relative to the rest
of the genome. Thus, the pericentromeric region of barley is a permissive environment
for gene expression but has restricted gene evolution in a sizeable fraction of barleys
genes. In addition, the transposable element (TE) distribution and relationship with re-
combination in barley was also surveyed. TEs were found to have a wide occupancy
range in the barley genome with different TE classes exhibiting specific preferences
for pericentromere or chromosome arm residence. Overall, TEs classes exhibit a pos-
itive or negative correlation with recombination rate depending on their chromosomal
enrichment.
Chapter 2. Gene expression, diversity and evolution in the barley LR-PC region 44
2.2 Results
2.2.1 Defining the low-recombining pericentromeric region of bar-
ley
The LR-PC region of barley can be visualised by plotting genetic map positions of
genes or markers against their corresponding physical positions (Figure 2.1 and Table
2.2). We define the LR-PC region as the continuous region surrounding the centromere
for which recombination rate is 20-fold lower than the average for the barley genome
(Choo, 1998). By this definition 6,285 of 35,134 mapped barley genes (17.9%) are
within the LR-PC region. If substantial LR regions flanking the PC region are included
(Figure 2.1), a further 2,400 genes (6.8%) are assigned to LR DNA, adding up to 24.7%
of the total barley gene complement.
2.2.2 Gene-based diversity in the LR-PC region of wild barley
To investigate gene sequence diversity across the genome of the wild species H. spon-
taneum, 14 diverse wild barley samples were selected (Figure 2.2; Methods). RNA-seq
was performed on whole seedlings and sequence reads were mapped onto a consensus
set of 22,651 full-length (FL) barley cDNAs (Matsumoto et al., 2011). Unsurprisingly,
read-depth varied both within and between the FLcDNAs, since mRNAs are expressed
at different levels with multiple splice variants and cDNA synthesis efficiency varies
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FIGURE 2.1: The low recombining peri-centromeric (LR-PC) region of barley.
Genetic vs. physical map locations of genes on the seven barley chromosomes. Cen-
tromeres (dark grey disks) are surrounded by continuous LR-PC regions (mid-grey
bars), with flanking LR regions shown in light grey. For definitions of LR regions see
text.
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TABLE 2.2: Genetic map locations and mapped gene contents for LR regions of
the barley genome.
Chromosome Region
cM* Number of
Start End mapped genes
1H
Flanking LR 46.81 47.24 87
LR-PC 47.27 48.80 808
2H
Flanking LR
52.20 52.90 102
53.82 54.25 102
LR-PC 54.69 57.44 1135
Flanking LR 58.25 58.64 57
3H
Flanking LR
45.22 46.88 334
48.45 49.29 128
LR-PC 49.65 51.77 918
4H
Flanking LR 49.72 49.86 106
LR-PC 50.57 52.44 965
Flanking LR 53.40 54.32 155
5H
Flanking LR 41.81 41.81 40
LR-PC 43.61 44.38 821
Flanking LR 46.53 48.13 286
6H
Flanking LR
48.30 49.22 151
49.65 50.21 96
51.56 52.55 70
LR-PC 52.55 55.52 914
Flanking LR 59.92 60.62 260
7H
Flanking LR
66.41 68.06 326
63.38 69.26 100
LR-PC 69.96 71.03 724
* Genetic map positions (Comadran et al., 2012).
along its template. Fortunately, read depths for most positions of most genes were re-
markably similar for different samples, giving good overlap for SNP discovery. The
mapping contained a total of 128,749 SNPs.
To estimate regional changes in gene diversity within the barley genome, nucleotide
diversity (pi) statistics for the mapped genes corresponding to the FLcDNAs were plot-
ted against corresponding map positions (Figure 2.3). There is a marked drop in pi in
the interior of all seven chromosomes. When recombination rate is plotted on the same
graphs it is evident that gene nucleotide diversity for H. spontaneum broadly follows
recombination rate (R), with a pronounced drop in the vicinity of the LR-PC regions.
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FIGURE 2.2: Selection of highly diverse H. spontaneum lines from the World Bar-
ley Diversity Collection by principal coordinate analysis of high throughput SNP
marker data. The 14 selected samples are indicated in yellow. The axes corresponding
to the first three principal coordinates are shown.
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FIGURE 2.3: Diversity and recombination statistics for barley chromosomes.
Rolling averages for gene nucleotide diversity (pi, red, 50 genes averaged) and re-
combination rate (cM/gene interval, green, 30 genes averaged) are plotted against gene
order for barley chromosomes 1H-7H. The continuous LR-PC region is shown in mid-
grey and flanking LR regions in light grey.
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2.2.3 mRNA expression levels in the LR-PC region
The LR-PC region has been considered a repressive environment and gene expression
has reported to be reduced in the LR-PC region of maize and soybean (Du et al., 2012;
Gent et al., 2012). The mRNA expression was therefore explored across the barley
genome. Steady-state mRNA levels in 15 tissue types, covering a variety of develop-
mental stages of cv. Morex (Druka et al., 2006), were plotted against corresponding
pseudo-physical map positions (IBGSC, 2012). Averaged RNA values across all tissue
types are shown for chromosome 1H as an example in Figure 2.4A and detailed ex-
pression data are in Figure A.1. No difference in RNA level was observed between the
genes of the LR-PC region and those from the HR region, either by chromosome or by
tissue type (ANOVA, P > 0.05).
Possible differences in RNA expression specificity between the LR-PC and HR regions
were also searched for. Fluctuations between RNA levels for each gene among the 15
tissue and developmental stage types, relative to their corresponding average value (i.e.
[average expression/standard deviation]; Figure 2.4B) were plotted. Again, no trend
was visible, none was supported by ANOVA (P > 0.05) and it was concluded that the
genes within the LR-PC regions show no significant evidence for differential expression
specificity, relative to the rest of the genome.
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FIGURE 2.4: Gene expression level and developmental specificity are independent
of LR-PC region residency in barley. Expression parameters for barley genes (Y
axes) are plotted against their linear order (X axes) on barley chromosome 1H. The
continuous LR-PCH is shaded grey. (A) Average RNA levels (arbitrary units), taken
across 15 tissue types and developmental stages (Druka et al., 2006). (B) Developmen-
tal and/or tissue specificity quotients (= data from [A] divided by their corresponding
standard deviations).
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2.2.4 Gene evolution in the LR-PC region
Restricted recombination within the LR-PC region is expected to impact upon its gene
evolution (see Introduction), leading to increased non-synonymous substitution (pia),
relative to the synonymous rate (pis, Charlesworth et al., 2009). To test this prediction,
gene-based pia, pis and pia/pis values were explored in wild barley (H. spontaneum). pi
statistics were determined for 5,475 mapped genes in the 14 wild barley sample RNA-
seq data set described above (Figures 2.5 and A.2 in Appendix A). Both pia and pis show
marked diversity reduction in the LR-PC region though this effect is less pronounced for
pia, consistent with the above predictions. pia/pis plots show strong fluctuations, making
FIGURE 2.5: Gene selection is less effective in the LR-PC region than the HR
genome compartment of H. spontaneum. pia, pis and pia/pis values per gene among
14 diverse H. spontaneum lines (Y axes) are plotted against their corresponding linear
gene orders (X axes) on barley chromosome 2H. Black lines indicate rolling averages
(50 genes) and the LR-PC regions are indicated by shading.
it difficult to discern LR-PC effects for some chromosomes but the mean pia/pis value
for all LR-PC region genes is 0.235 (SD 0.010) and the same parameter for HR genes
is 0.170 (SD 0.011; Table 2.3). This difference is significant (independent t-test; t =
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-11.507, df = 12, P < 0.001) and we conclude that the evolution of genes within the
LR-PC region of H. spontaneum has been significantly impacted by Hill-Robertson
interference.
TABLE 2.3: H. spontaneum gene diversity and selection statistics.
Chromosome
LR* HR* LR/HR
pia pis pia/pis pia pis pia/pis pia/pis†
1H
0.0006 0.0023
0.246
0.0009 0.005
0.172 1.401
(0.001) (0.0025) (0.001) (0.0044)
2H
0.0005 0.002
0.230
0.0009 0.0048
0.186 1.209
(0.0006) (0.0023) (0.001) (0.0041)
3H
0.0005 0.0019
0.243
0.0009 0.0051
0.174 1.399
(0.0007) (0.0022) (0.0011) (0.0042)
4H
0.0005 0.0024
0.227
0.0008 0.0046
0.175 1.291
(0.0008) (0.0029) (0.001) (0.004)
5H
0.0004 0.0018
0.217
0.0008 0.0054
0.156 1.401
(0.0005) (0.002) (0.001) (0.0045)
6H
0.0005 0.0021
0.248
0.0008 0.0052
0.161 1.484
(0.0007) (0.0023) (0.001) (0.0047)
7H
0.0006 0.0024
0.234
0.0009 0.0053
0.169 1.379
(0.0008) (0.0029) (0.001) (0.0046)
All
0.0006 0.0021 0.235 0.0009 0.0051 0.170
1.382
(0.0006) (0.0025) (0.010) (0.0010) (0.0044) (0.011)
* pi gene values are averaged within chromosome compartments. Standard deviations are in brackets.
† pia/pis value for LR region, divided by corresponding value for HR region.
2.2.5 The LR-PC region and the cereal whole-genome duplication
To explore the effect of restricted recombination upon gene and genome evolution over
the time-scale of the evolution of cereal grasses, barley ohnologue gene pairs deriving
from the cereal WGD that occurred ca. 60 MYa were searched for. Each gene in such
pairs resides either in the LR-PC or the HR regions and the long-term effects of the two
genome compartments upon gene evolution can be compared (see Discussion).
It is difficult to isolate WGD-derived barley ohnologue pairs because the Triticeae lin-
eage has experienced high levels of translocation of genes and pseudogenes (Wicker
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FIGURE 2.6: Identification of WGD-derived paralogous regions in the barley
genome by visualization of BLAST data. Barley chromosome vs. barley chromo-
some BLAST hits. X axes correspond to genetic map order (not cM map position) and
Y axes to pseudo-physical map position (IBGSC, 2012). Paralogous regions derived
from the WGD are arrowed. The inset shows a blow-up of the 1H vs. 3H arrowed
region, to emphasise its complex substructure (see main text).
et al., 2011) and local chromosome rearrangements, particularly segmental inversions
(Luo et al., 2009; Figure 2.6). Therefore, an iterative strategy was adopted which was
designed to collect gene pairs showing sequence similarity within the broad range ex-
pected for WGD-derived duplication and genomic locations inherited from the WGD
(i.e. no gene transposition). First, all barley genes with assigned genomic positions were
Chapter 2. Gene expression, diversity and evolution in the barley LR-PC region 54
compared against each other by BLAST search. Second, the output was filtered to re-
move gene pairs much too similar (i.e. recently duplicated) or diverged (> 60 MYa sep-
aration) to be WGD-derived, Third, all genes in non-syntenic genomic positions relative
to the rice, Brachypodium distachyon and sorghum genomes were removed, reasoning
that a barley gene with no synteny support from these other cereal genomes is extremely
unlikely to show synteny conservation from the WGD. Fourth, remaining barley genes
were reordered according to local Brachypodium gene order, i.e. replacing barley ge-
netic map order by Brachypodium physical order within collinear barley-Brachypodium
synteny blocks (Figure 2.7). Finally, residual non-collinear barley genes with anoma-
lous barley genetic map positions off the main orthology trend were removed (Figure
2.8).
This procedure yielded a final gene list of 12,348 mapped barley-Brachypodium syn-
tenic gene pairs occupying substantially orthologous genomic locations between the
two complete genomes. A chromosome versus chromosome X-Y plot of best BLAST
hits with this cleaned-up set of barley genes revealed seven major WGD segments re-
ported previously (Salse et al., 2008; Thiel et al., 2009; Figure 2.9) but the loose struc-
ture made it difficult to discriminate genuine ohnologue pairs from chance juxtaposition
of transposed paralogues. Therefore two approaches were used in parallel to eliminate
the latter and our final selection represents a synthesis of both. First, the X-Y plots
were manually edited to remove all pairs falling outside dense groupings, yielding 408
ohnologue pairs (Figure 2.10A). Second, the unedited prologue gene list was inputted
into MCScanX (Wang et al., 2012), which finds ohnologous regions in genomes with
ancient WGDs, yielding 366 pairs (Figure 2.10B). Merging these two lists yielded a
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FIGURE 2.7: Using synteny conservation between barley and Brachypodium to or-
der the barley genome. Barley genetic map order (X-axis) by Brachypodium gene
order (Y-axis) plots show the major rearrangements distinguishing the two genomes
and their boundaries. The schematic barley genome diagram shows the broad rela-
tionships between the genomes of Brachypodium, barley and their proposed 5- and
12-chromosome common ancestors, the latter approximating to the present-day rice
genome.
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FIGURE 2.8: Acquisition of synteny-supported barley genes using Brachypodium
conserved synteny chromosome B3H as an example. (A) Genetic map positions
(Y axis) for barley genes on chromosome 3H with best BLASTN hits to orthologous
Brachypodium chromosome 2, plotted against their corresponding gene order (X axis),
after reordering by local Brachypodium gene order. (B) Same plot as (A), after removal
of genes with anomalous barley genetic map positions. (C) The same barley gene set as
(B), plotted by corresponding Brachypodium gene number (Y axis) vs Brachypodium
gene order (X). The gap at ca. 800 on the X axis corresponds to the ancestral A5 chro-
mosome introgression in Brachypodium chromosome 2. Two inversions not detected
during re-ordering of the barley genome (Figure 2.7) appear at position ca. 2000 on
the X axis.
consolidated candidate set of 498 ohnologue pairs (overlap = 276 gene pairs). Final
manual trimming of this set removed 101 pairs with pis scores > 3, 107 pairs with genes
identified in > 1 pair, pairs in ohnologous regions comprising < 9 genes and pairs in
regions overlapping stronger regions of paralogy.
The final list comprises 290 high-confidence (HC) WGD ohnologue pairs (= 580 genes)
(see Table B.1 in Appendix B), Figure 2.10C). 281 of these pairs are distributed among
the seven previously defined WGD descendant chromosome segments (Salse et al.,
2008; Thiel et al., 2009) and the remaining nine derive from the diploid cereal ancestral
A3/A7 chromosome duplication (= barley 2H/5H).
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FIGURE 2.9: Barley paralogy plots for genes sharing conserved synteny with
Brachypodium. (A) Chromosome by chromosome plots. X axes correspond to re-
ordered barley genome position (see main text) and Y axes to pseudo-physical map po-
sition (IBGSC, 2012). Seven paralogous regions identified in previous studies (Salse
et al., 2008; Thiel et al., 2009) are circled and the regions involved are outlined in
the same colours as (B). (B) A schematic of gross chromosomal rearrangements and
relationships between the presumptive 12 ancestral cereal chromosomes, their 5 pro-
genitors preceding the WGD and the Brachypodium and barley genomes.
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FIGURE 2.10: Selection of high-confidence, WGD-derived barley paralog pairs.
X-Y plots between chromosome pairs (top line) are shown for the 8 ohnologous re-
gions identified in this study. Genes are ordered by pseudo-physical positions of cor-
responding Brachypodium orthologues (see text). (A) Output from manual editing of
barley gene pairs from Figure 2.9A. (B) Output from MCScanX processing of the same
input barley gene set. (C) Superimposition of plots (A) and (B).
2.2.6 Properties of WGD-derived ohnologue pairs
If the LR-PC region has affected the properties of genes contained within it then there
should be corresponding differences between the three possible classes of ohnologue
pairs, namely LR-LR, LR-HR and HR-HR. The properties of the WGD ohnologue pairs
retained by barley are summarized in Table 2.4. Of the 580 ohnologues, 103 (18%)
reside in the LR-PC region, together with flanking LR regions, compared to an overall
gene content for this compartment of 25%. Thus, ohnologues have been preferentially
lost from the LR-PC region (χ2 = 16.2, df = 1, P = 0.00006). When the distribution of the
290 ohnologue pairs among the three combinations of genome compartment (LR-LR,
LR-HR, HR-HR) is examined, the main source of the loss becomes apparent. One
hundred and eighty-seven ohnologue pairs are HR-HR (expected 164), 103 pairs are
LR-HR (expected 107) and surprisingly, none are LR-LR (expected 18). This biased
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TABLE 2.4: Distribution of barley ohnologues and ohnologue pairs by genome
compartment and chromosome.
Type Genome compartment
Number
Obs* Exp*
Chromosomal distribution
Total
1H 2H 3H 4H 5H 6H 7H
ohnologue
HR 477 437 124 70 97 13 28 75 70 477
LR 103 143 1 8 17 8 0 52 17 103
HR-HR 187 164 107 38 97 12 3 75 42 374
ohnologue
LR-HR
LR
103 107
1 8 17 8 0 52 17 103
pair HR 17 32 0 1 25 0 28 103
LR-LR 0 18 0 0 0 0 0 0 0 0
* Obs: observed; Exp: expected (see text).
distribution is also highly significant (χ2 = 21.9, df = 2, P < 0.0001) and the main
source of this is the LR-LR category. It can be concluded from these results that LR-LR
WGD-gene pairs have been strongly selected against in the barley lineage and HR-HR
and LR-HR classes show no significant evidence for this. The distribution of ohnologue
pairs was also identified and analysed in Brachypodium and rice (Table 2.5). These
species also show a reduced occupancy of ohnologues in LR regions.
The ohnologues are distributed unevenly across the barley genome (Table 2.4 and Fig-
ure 2.11). Chromosomes 4 and 5 carry only 10% of the total ohnologues within 27%
of the total mapped gene content of barley, half of the entire LR-PC region ohnologue
complement derives from chromosome 6H alone and a further 33% is found on chro-
mosomes 3H and 7H together, leaving just 17% between the other four chromosomes.
These biases derive mainly from the fact that the large majority of ohnologue pairs be-
longs to four WGD-derived regions shared by chromosomes 1H and 3H, 2H and 6H
and 6H and 7H (Figure 2.6). Almost all of chromosomes 6H and 7H, together with the
long arms of chromosomes 1H, 2H and 3H retain ohnologues. All the ohnologous re-
gions combined correspond to genomic space containing 46% of mapped barley genes
(16,013/35,134), or 51% of the barley physical map (1.98 Gbp of the total 3.90 Gbp).
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TABLE 2.5: Distributions of ohnologues and ohnologue pairs for Brachypodium,
rice and maize by genome compartment.
Species Type
Genome Number
compartment Obs* Exp*
Brachypodium
ohnologue
HR 2392 2336
LR 44 100
HR-HR 1174 1120
ohnologue
LR-HR
LR
44 96
pair HR
LR-LR 0 2
Rice
ohnologue
HR 4954 4701
LR 52 306
HR-HR 2451 2206
ohnologue
LR-HR
LR
52 287
pair HR
LR-LR 0 9
* Obs: observed; Exp: expected (see text).
FIGURE 2.11: Barley ohnologue pairs and the LR-PC region. Barley chromosomes
1H-7H are indicated by different coloured bars, LR-PC regions are indicated by dark
shading, flanking LR by light shading and centromeres by dark grey ovals. All features
are scaled by pseudo-physical map position (IBGSC, 2012). Blue lines indicate HR-LR
pairs; red lines indicate HR-HR pairs. There are no LR-LR pairs.
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Thus, roughly half of the barley genome lacks detectable duplicated gene pairs derived
from the WGD.
FIGURE 2.12: Nucleotide
substitution data for bar-
ley ohnologues. Frequency
distributions of Ka, Ks and
Ka/Ks parameters, compared
between HR-HR ohnologue
pairs (red lines) and LR-HR
pairs (green lines).
The sequence evolution of the 290 ohnologue pairs was
also scrutinised. Average pairwise nucleotide identity be-
tween them is 69.8% and the average Ks (synonymous
substitution rate) is 1.290, consistent with a non-coding
nucleotide substitution rate of 1.38 x 10-9 substitution-
s/site/year, assuming a divergence time of 60 MYa. Ka, Ks
and Ka/Ks values are all slightly higher between HR-HR
pairs (0.18, 1.30, 0.17) as compared with LR-HR pairs
(0.17, 1.27, 0.15) but the differences are not significant.
The frequency distributions for the three evolutionary pa-
rameters (Figure 2.12) show slight skewing of HR-HR
pairs towards higher Ka/Ks values. This corresponds to
25 ohnologue pairs with Ka/Ks > 0.3, 21 of which are
HR-HR. The functional evolution of the barley ohnologue
pairs was next explored. GO term enrichment analysis
(Du et al., 2010) of the 290 pairs showed significant over-
representation in several biochemical pathways or func-
tions, particularly intracellular signalling and phosphate
modification (Table 2.6). Thus, there is evidence that bar-
ley ohnologue pairs have been preserved because of the
functions of their gene products.
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TABLE 2.6: Gene ontology terms enriched in barley ohnologues.
GO term
Number of genes
P-value FDR* Percentage† Genes
ohnologue Total
Protein S/T MLOC 3173, MLOC 54926, AK250359, AK363024,
phosphatase 8 81 < 0.001 0.026 9.9 AK250507, AK362128, AK251854, MLOC 55635
complex
MLOC 64727, MLOC 47634, MLOC 64985,
Clathrin coat 8 27 0 0.000 29.6 AK251445, AK248501, MLOC 37776, MLOC 1297,
MLOC 44606
MLOC 54937, AK356379, MLOC 64743, AK365478,
MLOC 55923, MLOC 60840, MLOC 44010, AK362892,
MLOC 57706, MLOC 77423, MLOC 19561,
Intracellular MLOC 69519, AK252802, MLOC 63743, AK363838,
signalling 34 657 < 0.0001 0.005 5.2 AK355945, MLOC 57640, AK368252, AK362381,
cascade AK251854, AK353955, MLOC 64008, MLOC 548,
MLOC 54966, MLOC 64083, AK250219, MLOC 57516,
AK364234, MLOC 4609, MLOC 54274,
MLOC 20007, MLOC 4800, MLOC 36752, AK363931
Stomatal AK363838, AK368020, MLOC 77423,
movement 9 82 < 0.001 0.024 11.0 MLOC 5972, MLOC 4800, AK363457,
AK251854, MLOC 52403, MLOC 64083
Phosphoinositide
7 53 < 0.0001 0.033 13.2
MLOC 56148, MLOC 59843, AK368951,
phosphorylation MLOC 71567, MLOC 51655, AK372135, AK367975
Meristem
6 42 < 0.001 0.044 14.3
AK249904, AK369282, AK374424,
identity MLOC 45145, AK372085, AK368348
* FDR: False discovery rate
† [ohnologues with GO term X 100] / [genes with GO term]
Finally, the gene expression of the ohnologue pairs was investigated using RNA-seq
data from the IBGSC (2012) dataset. Analysis of covariance testing revealed no signif-
icant difference in differential gene expression between HR-HR and LR-HR pairs (68
and 71% exhibited differential gene expression respectively). Similarly, K-means clus-
ter analysis of the same data set showed no evidence for clustering by ohnologue pair
type. It was concluded that retained ohnologue pairs show no significant effect of the
LR-PC region upon their expression divergence. Bias in ohnologue expression by chro-
mosomal region was also looked for. Of the 290 ohnologue pairs, 180 show significant
bias in averaged RNA level within gene pairs. When these are assigned to ohnologue
region (Table 2.7), no evidence of regional bias in ohnologue expression is evident (χ2
= 2.85; P = 0.83).
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TABLE 2.7: Analysis of ohnologue gene expression bias by ohnologue region.
Barley ohnologue
regions
Number of genes with Bias
(query chromosome vs. higher expression level Total (Hit/Total)
hit chromosome)* Query Hit %
3 vs. 1 36 43 79 54
1 vs. 4 3 4 7
442 vs. 4 5 1 6
2 vs. 5 2 3 5
2 vs. 6 21 13 34
46
7 vs. 6 18 20 38
5 vs. 7 6 5 11 45
Total 91 89 180
* ohnologous chromosome regions are named according to their parent chromosomes.
For more information see Figure 2.11, Figures 2.9 and 2.10 and Tables 2.2 and B.1.
2.2.7 The LR-PC region and local gene duplication
To investigate the distribution of local gene duplications in the barley genome, the den-
sities of local gene duplications across all chromosomes were plotted (Figure 2.13). No
strong trend was seen, but there is a slight tendency for increased local gene duplication
density towards the telomeres. Analysis of gene ontology of local duplications using
AgriGO v1.2 (Du et al., 2010) revealed no specific GO terms to be enriched in the local
duplication dataset compared to all genes.
Local gene duplication is the result of unequal exchange during recombination, so re-
duced recombination should lead to reduction in locally duplicated gene families (Riz-
zon et al., 2006; Zhang and Gaut, 2003). Local duplications appear as points on the
diagonal in a second-best blast plot of a chromosome to itself (Figure 2.6). When the
mapped gene dataset was analysed 7,379 locally duplicated genes were identified, or
21% of the total mapped gene complement. 1,297 (17.6%) of these locally duplicated
genes reside in the PC region, compared to 24.7% of all genes (Table 2.8). Therefore
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FIGURE 2.13: Local gene duplication densities along barley chromosomes. Local
gene duplication densities (red lines), calculated as the ratio of number of duplicates to
the total number of genes, are plotted over 20 Mb intervals for individual chromosomes.
Recombination rates (grey points) represent cM intervals between genes, with rolling
averages over 100 genes plotted as black lines. The LR-PC region is shown in dark
grey and flanking LR regions in light grey.
the barley PC region is depleted by roughly 29% for locally duplicated genes, relative to
the non-PC region. Both this difference and all corresponding differences for the seven
barley chromosomes are significant (Table 2.8).
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TABLE 2.8: Distribution of locally duplicated genes by genome compartment and
chromosome.
Chromosome
Locally duplicated genes All mapped genes Ratio of
P-value†
HR LR Total % LR HR LR Total % LR percentages*
1H 702 150 852 17.6 3,405 895 4,300 20.8 0.85 0.0374
2H 937 200 1137 17.6 4,183 1,398 5,581 25.0 0.70 < 0.0001
3H 1,055 229 1,284 17.8 4,172 1,384 5,556 24.9 0.72 < 0.0001
4H 480 169 649 26.0 2,421 1,226 3,647 33.6 0.77 0.0002
5H 1,120 168 1,288 13.0 4,711 1,148 5,859 19.6 0.67 < 0.0001
6H 676 217 893 24.3 2,820 1,487 4,307 34.5 0.70 < 0.0001
7H 1,112 164 1,276 12.9 4,733 1,150 5,883 19.5 0.66 < 0.0001
Total 6,082 1,297 7,379 17.6 26,445 8,688 35,133 24.7 0.71 < 0.0001
% 82.4 17.6 100 - 75.3 24.7 100 - - -
* % LR (locally duplicated genes) / % LR (all mapped genes)
† Two-tailed P value for chi-square test with Yates correction
2.2.8 Construction of manually assembled barley genome
A manually assembled ”pseudo” genome, consisting of seven barley chromosomes,
was derived from contigs with known locations from PopSeq and IBGSC data (IBGSC,
2012; Mascher et al., 2013) and one chromosome, ”chromosome 0”, which is comprised
of all the contigs without location information (see Methods). The sizes of the pseu-
dochromosomes can be found in Table 2.9. The pseudogenome was created by sorting
contigs with known location into chromosomes then binning by genetic map position
preferably, based upon PopSeq data or by IBGSC location information if no location
was given from PopSeq data. Within each genetic map bin, contigs were ordered ran-
domly. This process was performed a total of ten times to yield ten pseudogenomes.
Recombination rates were calculated for each iteration of the pseudogenome using the
Marey map approach (Chakravarti, 1991). Using custom Java code, recombination rate
(cM/Mb) for each contig was calculated in two passes; 2.5 Mb window size with a 250
kb sliding step and 250 kb window size with a 25 kb sliding step (see Methods). Each
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TABLE 2.9: Sizes of chromosomes in pseudogenome.
Chromosome Length (Mb) No. contigs
1 128.6 71,828
2 206.7 127,375
3 188.7 115,955
4 181.7 104,613
5 182.4 114,337
6 168.2 112,662
7 188.4 119,841
0 626.6 1,904,127
Total 1871.3 2,670,738
contig was therefore assigned two possible recombination rates per pseudogenome in
this way (Figure 2.14).
As the contigs were ordered differently on each pseudogenome iteration the recombi-
nation rate would be expected to vary each time. To judge the level this variability,
the mean and standard deviation of the recombination rate (2.5 Mb window size) of
each contig was calculated and plotted against cM (Figure 2.15). There is generally low
standard deviation of mean recombination rate estimates. However, standard deviation
peaks at boundaries with large changes in mean recombination rate. These boundaries
likely flank the large genetic map bins which would be most affected by random order-
ing of the contigs within. The recombination estimates appear to be robust, however, as
the majority of the contigs exhibit low standard deviations. For the following sections
and chapters, one pseudogenome only was used for genomic and epigenomic analyses.
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FIGURE 2.14: Estimated recombination rates of one iteration of the pseu-
dogenome. Red line: 250 kb bins, 25 kb sliding window; black line: 2.5 Mb bins,
250 kb sliding window.
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FIGURE 2.15: Mean and standard deviation of recombination rates calculated
from ten pseudogenome constructions. Mean and standard deviations of recombina-
tion rates were calculated for every contig and plotted against cM on each chromosome.
Recombination rates were estimated in each iteration of the pseudogenome in 2.5 Mb
bins (see main Text). Black line: mean recombination rate from ten pseudogenome
constructions, displayed against the left y-axis; Red points: standard deviation of the
mean for each contig, displayed against the right y-axis.
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2.2.9 Genomic distribution of transposable elements in barley and
relationship with recombination
In addition to the research performed on the gene component of barley LR regions,
TE distribution in the barley genome was also surveyed (see Table 2.10). 1,838,960
TEs were assigned a location on chromosomes 1H-7H of the pseudogenome. The most
abundant TEs are Copia and Gypsy LTR retroelements (REs; and also unknown LTR
retroelements [abbreviated to uLTR-REs]), together making up ∼45% of the barley
pseudogenome (Table 2.10). CACTA is the most abundant DNA transposon at 3.41%
of the barley genome.
TABLE 2.10: Number and lengths of TE classes on chromosomes 1H-7H.
TE class
Number Total Mbp % Mbp Average
in genome in genome of genome length (bp)
DNA-Helitron 1,342 0.593 0.05 442
DNA-hAT 1,121 0.358 0.03 319
DNA-CACTA 153,446 42.5 3.41 277
DNA-PiF/Harbinger 9,365 3.14 0.25 335
DNA-Mutator 16,514 3.90 0.31 236
DNA-Tc1/Mariner 9,206 1.18 0.10 129
DNA-Mites 50,496 8.53 0.69 169
DNA-Unclassified 6,164 0.97 0.08 157
RNA-LINE 18,983 8.07 0.65 425
RNA-Copia 251,015 92.2 7.41 367
RNA-Gypsy 532,492 208 16.72 391
RNA-LTR 724,441 259 20.81 358
RNA-SINE 1,580 0.40 0.03 256
RNA-Unclassified 134 0.03 < 0.01 258
Unknown 62,553 14.1 1.13 225
Around a quarter of genes in barley can be found in the LR regions (see Results Sec-
tion 2.2.1). These regions are also packed with uLTR-REs, Copia and Gypsy retroele-
ments (see Figure 2.16 for TE distributions on barley chromosome 2H and Appendix A
for distributions on chromosomes 1H, 3H-7H [Figures A.3-A.8]). LTR-REs and DNA
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FIGURE 2.16: Transposable element distribution on chromosome 2H. The number
of TEs was counted in 1 Mb bins along pseudo chromosome 2H. Points correspond
to the number in each bin and lines are smoothing splines applied to the data in R.
RNA-LTR: uLTR-REs
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transposons have distinct distribution profiles, with DNA transposon classes generally
residing in the chromosome arms in greater numbers than in the PC. However, helitrons
appear to have a fairly uniform distribution across the whole chromosome. SINE and
LINE REs also have a more DNA transposon-like distribution with numbers peaking in
the chromosome arms.
The relationship of recombination rate and TE density in barley was also investigated.
Recombination rate was plotted against TE density, for each chromosome and TE class
(see Figure 2.17 for chromosome 2H as an example and Figures A.9-A.14 in Appendix
A for chromosomes 1H, 3H-7H). All of the DNA transposons had a positive correlation
between TE density and recombination rate. However, DNA TE densities plateau at
around 3 - 6 cM/Mb depending TE class and further increases in recombination rate are
not accompanied by an increase in TE density. RE density is positively or negatively
correlated with recombination rate depending on TE class. Copia, Gypsy and uLTR-
REs are negatively correlated with recombination rate whereas LINE and SINE REs
have a positive correlation with recombination rate in a similar fashion to DNA trans-
posons. One explanation for these data is that the correlation between TE density and
recombination rate are linked to TE chromosomal location. Thus, the TE classes that are
highly represented in the LR-PC region exhibit negative correlation with recombination
rate and vice versa.
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FIGURE 2.17: Relationship of recombination and TE density on chromosome 2H.
The number of TEs was counted in 1 Mb bins along pseudo chromosome 2H which
gives the density of TEs in 1 Mb bins. The mean recombination in each 1 Mb bin was
also calculated from local recombination rates estimated in 250 kb bins. The logs of the
(mean recombination + 1) and (TE density + 1) were plotted in R. A polynomial least
squares regression model was applied resulting in R2 values and quadratic regression
line. RNA-LTR: uLTR-REs
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2.3 Discussion
2.3.1 The LR-PC region of barley is permissive for gene expression
The LR-PC region of barley contains roughly a quarter of the genes for the species and
at least 48% of the sequenced barley genome in an environment where genetic recombi-
nation is suppressed at least 20-fold relative to the average rate and chromatin remains
largely compacted during interphase. The exact DNA sequence of this region remains
somewhat unclear at present, because it is extremely difficult to sequence through the
high density of nested repeats therein. Nevertheless, it is highly likely that the great ma-
jority of genes in the LR-PC region are embedded within extensive TE clusters, which
are known to be functionally repressed in plants via the feedback loop of RNA silencing
and methylation of DNA and histones (Hall et al., 2012; Lippman et al., 2004). Despite
these constraints, the results presented here show that both average mRNA level and
developmental transcriptional specificity for the genes of the LR-PC region are indis-
tinguishable from those for the HR gene compartment. The LR-PC region of barley is
therefore wholly permissive for gene expression, implying that the genes within it are
as accessible to the transcription machinery as are corresponding HR genes.
This conclusion contrasts somewhat with the perceived situation for rice (Wu et al.,
2011; Yin et al., 2008) and soybean (Du et al., 2012) but these data are also consis-
tent with reasonably abundant gene expression within the LR-PC region of angiosperm
plants. For Arabidopsis, genes within heterochromatin are expressed at comparable lev-
els to their euchromatic counterparts and carry local chromatin signatures such as DNA
methylation and histone methylation, which are characteristic of euchromatic genes
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(Lippman et al., 2004). The barley PC region is far more dense in TEs than Arabidopsis
and the barley HR region also carries high TE densities, but this environment seems to
have little or no effect upon gene expression, so it can be expected that local chromatin
structure in the two genomic compartments will turn out to be similar.
2.3.2 Restricted recombination of the LR-PC region affects overall
nucleotide diversity and selection in wild barley
The presented data show that the low recombination rate within the PC region of bar-
ley has acted upon the genes within it to constrain gene diversity, in agreement with
previous studies (IBGSC, 2012). This phenomenon is widespread in nature and has
been ascribed to a combination of selective sweeps via fixation of advantageous allele
variants and background selection against deleterious mutations (Hudson, 1994; Wright
et al., 2006). It should be noted that selective sweeps are not confined to LR regions, it
is just that their extent is larger there (Begun and Aquadro, 1992). This fits with the pre-
sented data that show clear trends in both recombination rate and diversity to increase
towards the telomeres (Figure 2.3) of most barley chromosomes.
Recombination allows selection to act upon genes, instead of large genomic regions
and the LR-PC region of barley shows a 20-fold restricted recombination rate relative
to the average for the species. The presented data show that this reduction is associated
with higher pia/pis ratios for LR-PC region genes over their HR counterparts, which is
consistent with Hill-Robertson effects. This build-up in poorly selected, protein-altering
polymorphism is a genetic burden for the species and begs the question how such a large
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fraction of the barley genome has become involved. It is possible that the highly diverse
and successful retrotransposon population in this lineage has played a major role in the
expansion of its LR-PC region (Figure 2.16). Barley and the other Triticeae species
have much larger genomes than their relatives such as Brachypodium and rice, most
of the extra DNA is retrotransposons and most of these reside in the LR-PC regions.
TEs drive the formation of heterochromatin via the RNAi pathway and recombination
is associated with open chromatin (Berchowitz et al., 2009).
The potential impact of genetic bottlenecking and inefficient purifying selection in 25%
of the barley gene complement upon crop performance is difficult to assess but may be
considerable. Furthermore, the many loci within the barley LR-PC region that are im-
portant for crop improvement are trapped in extended haplotypes which are extremely
difficult to break down by genetic crossing to achieve crop improvement. One promis-
ing solution to these problems is provided by the LR-PC regions of wild barley, which
have considerably more diversity, both genic and haplotype, than the cultivated gene
pool and should be considered as potential sources of new diversity for crop improve-
ment in barley and the other economically important Triticeae crops.
2.3.3 Ohnologue evolution and the LR-PC region
To explore possible long-term effects of the LR-PC region on gene and genome evolu-
tion ohnologue gene pairs derived from the cereal WGD were collected. The assign-
ment of 290 ohnologue pairs is likely to be an underestimate for two reasons. First,
very stringent criteria for defining ohnologue pairs were used, because false positives
might distort the deductions derived from the small number of surviving gene pairs in
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barley, whereas underestimation of the numbers would be unlikely to greatly affect the
broad conclusions. Second, only 60% of the total HC barley gene set that is mapped to
date was scrutinised. It is therefore likely that the ohnologue pair number will increase
significantly, but very unlikely that it will approach the number for rice, which has had
2,246 WGD ohnologue pairs defined (Thiel et al., 2009). Even if the ohnologue pair
number for barley doubles, it still only represents a few percent of the gene complement
for the species, indicating that the rate of gene synteny loss has been particularly high
in the barley lineage compared with rice. It may not be a coincidence that barley has ex-
perienced much higher levels of both segmental rearrangement and gene translocations
than rice (Salse et al., 2008; Thiel et al., 2009; Wicker et al., 2011).
It is also clear that ohnologue pair loss has been strongly biased by genomic position,
with two chromosomes (6H and 7H) containing ohnologues across more or less their
entire extent and the rest showing large gaps in ohnologue-containing regions. Roughly
half of the barley genome, comprising entire short arms of chromosomes 1H, 3H, 4H
and 5H plus large regions of 2HS, 4HL and 5HL, retains no evidence for the WGD
(Figure 2.11). It will be interesting to compare the gene content of such regions with
homeologous regions in other cereals that retain ohnologue pairs, to discover how this
happened. It is important to note that loss of ohnologue pairs does not necessarily mean
gene loss. Gene movement has been wide-spread for both barley and wheat (Wicker
et al., 2010, 2011).
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2.3.4 Local gene duplication in barley LR regions
A significant reduction in local duplication of genes in the LR-PC region and flanking
LR regions is observed, relative to the rest of the genome. This was expected, since ho-
mologous recombination must occur for tandem duplications to arise and a similar effect
has been seen for Arabidopsis and rice (Rizzon et al., 2006; Zhang and Gaut, 2003). The
LR-PC region is far more extensive for barley than it is for rice and Arabidopsis, because
of its larger genome and much greater complement of repetitious DNA. It has therefore
been possible to map local gene duplication more accurately but this effect is only just
observable (Figure 2.13). This is consistent with the modest overall reduction in local
gene duplication of 29% and it contrasts strongly with > 95% reduction on recombi-
nation rate. Thus, greatly reduced recombination does not mean greatly reduced gene
duplication for barley. It can be concluded that selection acts to buffer this presumptive
dramatic difference in the incidence of local gene duplicates across the genome, pre-
serving rare duplicates in the LR regions and/or eliminating disadvantageous duplicates
in the HR genome compartment.
2.3.5 Effects of chromosomal environment on divergent gene ex-
pression
Following WGD events gene loss (genome fractionation) is rapid and biased by ge-
nomic region. For maize, gene expression is the most important factor for gene reten-
tion (Schnable et al., 2011). There is no evidence for genomically-biased fractionation
in barley based on gene expression (Table 2.7). This apparent contradiction may be
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explained by the fact that the maize WGD event occurred 512 MYa whereas barley
ohnologue pairs have survived ca. 60 MYa of selection; Thus any bias may have dis-
appeared over this much longer time interval. Another possibility is that the relatively
small number of surviving ohnologue pairs in barley represent rare exceptions to biased
fractionation. Nevertheless, soybean underwent a WGD around the same time as maize
but shows no significant difference between expression level of LR-PC region genes
and their HR ohnologues (Gent et al., 2012), consistent with the observation in barley.
2.3.6 Extinction of ohnologue pairs from the LR-PC region
The complete absence of LR-LR ohnologue pairs for barley was perhaps the biggest
surprise from this study. Published plant genome data for sorghum (Paterson et al.,
2009), rice (Rizzon et al., 2006; Thiel et al., 2009), Oryza brachyantha (Chen et al.,
2013) and maize (Schnable et al., 2009) was therefore looked at. All these species
appear to share this property. Complete ohnologue analysis on the sequenced genomes
of Brachypodium and rice was performed, using the same recombination-based criterion
for LR regions and the available genetic linkage maps and genome data (Huo et al.,
2011; Tian et al., 2009). These species also show no evidence for LR-LR pairs (Table
2.5), showing that LR-LR pairs are at least very rare and perhaps absent from cereal
genomes.
To my knowledge the only sequenced plant genome reported to contain LR-LR ohno-
logue pairs is soybean and all of these pairs are located at LR-HR boundaries (Du et al.,
2012). These regions may have become LR relatively recently and ohnologue elimina-
tion has not yet been completed or they may not be fully within the LR-PC region. In the
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present study, the LR-PC region is defined as a continuous region with at least 20-fold
lower average recombination rate than the genomic average and none of the soybean
regions fulfil that criterion, with reduced recombination ratios of between 4-fold and
13-fold (Du et al., 2012).
Why are LR-LR ohnologue pairs so rare? Barleys evolutionary lineage has experienced
a high level of ohnologue pair loss and even a slight bias towards elimination of LR-LR
ohnologue pairs could lead to their extinction. However, this argument is less persua-
sive for maize and soybean which retain high proportions of ohnologue pairs from more
recent WGDs. It is therefore possible that LR-LR ohnologue pairs in plants are elimi-
nated rapidly because neither copy can escape from the repressive environment for gene
evolution in the LR-PC region, thus neofunctionalisation is inhibited.
2.3.7 Different TE classes exhibit distinct chromosomal positioning
My informatic survey of the distribution of 14 TE classes in the barley genome shows
that LTR-REs (Copia, Gypsy and uLTR-REs) are prolific in the LR-PC region, whereas
DNA transposons and LINE/SINE retroelements generally reside in the chromosome
arms (Figure 2.16). The distribution of LTR-REs in barley resembles that of rice where
it was found LTR-RE abundance is increased in the pericentromere (International Rice
Genome Sequencing Consortium (IRGSC), 2005). In barley, Gypsy is over twice as
abundant than Copia, with subtle differences in distribution and Copia numbers fluctu-
ating more in the LR-PC than Gypsy. The distributions of Copia and Gypsy TEs were
also found to be skewed away from the HR regions of chromosome 3B in wheat (Daron
et al., 2014). In wheat, Copia numbers also fluctuate along the chromosome more than
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Gypsy (Daron et al., 2014). Compared to the genomes of sorghum and rice, Copia is
more prolific in the barley genome (7%, 5% and 2% in barley, sorghum and rice respec-
tively; Table 2.10; IRGSC, 2005; Paterson et al., 2009). Gypsy is also more prolific in
barley than rice, with 12% of the rice genome compared to barley’s ∼17% (Table 2.10;
IRGSC, 2005). The proportions of LTR-TEs in wheat are much higher than barley how-
ever with 47% and 16% of chromosome 3B annotated as Gyspy and Copia respectively,
though this is likely due to a complete genome sequence for wheat 3B (Daron et al.,
2014). The differences in the relative proportions of LTR-REs likely reflects the range
of genome sizes in the grasses. Overall, barley LTR-RE distribution is very compara-
ble to other grasses with differences in abundance between grasses corresponding to
genome size.
The distribution of all barley DNA TE classes is skewed towards the chromosome arms
(Figure 2.16). DNA TE enrichment in genic regions is a well known trait of grass
genomes (Daron et al., 2014; Feng et al., 2002; Schnable et al., 2009). MITEs especially
are well known to preferentially insert into genic regions (Oki et al., 2008; Zhang et al.,
2000) and barley is no exception (Figure 2.16). The distribution of CACTA varies in the
grasses, with enrichment in the distal regions of barley and wheat chromosomes but for
not maize, sorghum or rice (Figure 2.16; Daron et al., 2014; Kwon et al., 2006; Paterson
et al., 2009; Schnable et al., 2009).
The presence of large clusters of LTR retroelements in the LR-PC has not appeared
to suppress expression of genes found within those regions. I propose that activating
epigenetic marks enriched in LR-PC gene aid gene expression by overcoming the re-
pressive nature of the LR-PC region, a premise which is explored in Chapter 4 of this
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thesis.
2.3.8 DNA transposon densities in barley exhibit positive correla-
tions with recombination rate whereas Copia and Gypsy retroele-
ments show strong negative correlation with recombination
rate
The relationship between recombination rate and TE density in barley was explored by
me. As in rice and wheat, I found that Copia and Gypsy REs are negatively correlated
with recombination rate in barley (Figure 2.17; Daron et al., 2014; IRGSC, 2005). In
contrast, all barley DNA TE classes exhibit a positive correlation with recombination
rate (Figure 2.17). However unlike barley, CACTA TE density was found to be nega-
tively correlated with recombination rate in rice (IRGSC, 2005). Rice and barley exhibit
different CACTA chromosomal enrichments (see above), which could account for the
difference in correlation with recombination rate. Wheat has a similar CACTA distri-
bution to barley and also shows a positive correlation between CACTA TE density and
recombination rate (Daron et al., 2014). The densities of LINEs and SINEs are also pos-
itively correlated with recombination rate in both barley and rice (Figure 2.17; IRGSC,
2005). Taking all these observations together, it appears that correlations between TE
densities and recombination rate is dependent on TE chromosomal distribution in the
grasses. CACTA TEs exhibit lineage-specific correlations between TE density and re-
combination rate.
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2.3.9 Conclusion
In conclusion, the barley LR-PC region is a permissive environment for the expression
of genes but it restricts gene evolution and local duplication. It may be that the extinction
of LR-LR WGD ohnologue pairs for barley and other plant genomes is a consequence
of these restrictions. It is intriguing that these species thrive despite these restrictions
on large fractions of their genes. The barley genome supports a large population of
TEs. TEs of different classes were found have distinct distributions which correspond
to contrasting correlations with recombination rate.
2.4 Methods
Work was carried out by myself unless otherwise stated.
2.4.1 Plant materials
The following method described was performed by Joanne Russell and Andy Flavell.
Fourteen Hordeum spontaneum germplasm samples from the World Barley Diversity
Collection (WBDC; Steffenson et al., 2007) were selected to maximise both the diver-
sity of chloroplast haplotypes and global genomic diversity, as judged by principal co-
ordinate analysis (Figure 2.2) of SNP marker data using 1,153 Illumina BOPA1 markers
(Close et al., 2009).
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2.4.2 Definition of LR regions
The following method described was performed by myself (25%), Nicki Cook (25%)
and Andy Flavell (50%). Genetic map positions for 35,134 mapped barley genes (26,159
HC and 8,975 LC) in the Morex-Barke population (Mayer et al., 2011) were plotted
against corresponding physical positions (Figure 2.1). LR regions were defined as con-
tinuous genomic regions longer than 2% of the corresponding physical chromosome
length, with 20-fold lower recombination rate than the average for the corresponding
chromosome (Choo, 1998). For Brachypodium and rice the same criterion for LR region
was applied to linkage maps of Huo et al. (2011) and Tian et al. (2009), respectively.
2.4.3 Genomic transcription level analysis
The following method described was performed by Micha Bayer and Andy Flavell.
Pseudo-physical map positions for genes on the Affymetrix Barley1 GeneChip were
found by BLAST comparison of its array sequence file (http://www.plexdb.org/), with
79,379 HC and non-HC presumptive barley gene sequences (IBGSC, 2012). Map po-
sitions and the corresponding transcriptomics data (Druka et al., 2006) were plotted in
MS Office Excel.
2.4.4 RNA-seq data acquisition and analysis
The following method described was performed by Pete Hedley, Jenny Morris and
Micha Bayer. Barley seeds were germinated on moistened sterile filter paper in Petri
plates at room temperature in the dark. Embryonic tissue (coleoptile, mesocotyl and
Chapter 2. Gene expression, diversity and evolution in the barley LR-PC region 84
seminal roots) was dissected and flash-frozen 4 days post-germination. Total RNA was
extracted from 200 mg tissue using TriReagent (Sigma), with additional phenolchloro-
form purification. RNAs were quality checked using a Bioanalyzer 2100 RNA 6000
Nano kit (Agilent). Sequencing was carried out on an Illumina GAII instrument (sep-
arate lanes per sample) with TruSeq RNA (Illumina) library generation and single-end
75-bp reads.
Raw sequence reads were quality trimmed from both ends using a base quality cut-
off of 20. Identical duplicate reads were removed to reduce the false positive SNP
discovery rates. Reads were mapped to a consensus set of 22,651 FLcDNAs, obtained
by consolidating two studies (Matsumoto et al., 2011; Sato et al., 2009). Mapping used
the Bowtie tool (Langmead et al., 2009), allowing one mismatch per read, to all possible
mapping locations on the FLcDNA reference. Reads were mapped one sample at a
time and resulting mappings were merged to produce a consolidated single mapping for
all lines. To facilitate direct comparison of transcript abundances between and within
samples, RPKM (reads/kilobase of reference/million reads) values were computed for
all transcripts from the combined mappings of all lines.
2.4.5 Single nuclear polymorphism (SNP) discovery and validation
The following method described was performed by Micha Bayer and Andy Flavell.
SNPs were discovered for each sample using custom-written code implemented as a
prototype feature in Tablet software (Milne et al., 2013). The raw variant data were
pre-filtered to remove variant locations caused by sequencing errors, using both a minor
allele frequency cut-off of 0.1 and a minimum read count of 3. To validate mapping
Chapter 2. Gene expression, diversity and evolution in the barley LR-PC region 85
and SNP discovery, genotype calls from 10 samples with 1,713 SNPs were compared
against known corresponding SNP genotypes from Illumina SNP genotyping of the
same lines. Validation rates averaged 98% across all SNPs and lines.
2.4.6 pia/pis determinations for H. spontaneum genes
The following method described was performed by Micha Bayer (80%) and myself
(20%). pia/pis ratios were derived from SNP data by implementing a custom Java code
for protein-coding sequence identification and SNP effect prediction (i.e. protein-coding
or non-coding and synonymous or non-synonymous change) on each cDNA read set
and its corresponding reference sequence. The code used the translation engines sup-
plied with the BioJava application programming interface (Prlic´ et al., 2012) and is
available upon request from the authors. Protein-coding regions were defined as the
longest open reading frames (ORFs) downstream of an ATG codon in the cDNA refer-
ence. Sequences upstream and downstream of these regions were defined as 5’ and 3’
UTRs respectively. Next, 100 putative protein-coding sequences identified above were
manually checked using the NCBI ORF Finder tool. Each was subjected to BLASTP
analysis and homology across the full sequence to proteins in related species was taken
as evidence that the ORF was correctly assigned.
2.4.7 Ohnologue pair acquisition
The following method described was performed by myself (30%), Andy Flavell (30%),
Steven Dreißig (20%) and Micha Bayer (20%). Barley gene sequences were queried
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against themselves, using BLASTN with an initial e-value cut-off of 1. Self-hits were
discarded then multiple high scoring pairs were reduced to the single best pair per query
gene. The output was trimmed to exclude highly similar gene pairs with bit scores
above 8,000 and/or 100% nucleotide identity over > 200 bp, plus very weakly related
pairs with both bit scores < 300 and alignment length < 500 bp (these parameters
were selected after scrutiny of the rice ohnologue pair set). Editing and X-Y plotting
of paralogue gene pairs used MS Office Excel except where noted. Barley genes in
regions of low orthologous Brachypodium gene density (> 400 Brachypodium gene
separation) were removed with custom Java code, with subsequent manual clean-up in
MS Office Excel. Ohnologue pairs were selected by a combination of visual inspec-
tion of chromosome-by-chromosome X-Y plots in MS Office Excel (handpicking) and
analysis with MCScanX (Wang et al., 2012; see Section 2.4.7 below). Shared syn-
teny blocks between barley and Brachypodium (Table B.2), obtained by plotting best
hits between the two species genomes (Figure 2.7), were used to order barley genes by
Brachypodium gene order. To calculate Ka and Ks scores, sequence pairs were aligned
using MACSE (default parameters apart from frame shift penalty which was set to -
10; Ranwez et al., 2011) were analysed by yn00 (Yang, 2007) in the PAML package.
To eliminate ohnologue pairs with unacceptably low alignment quality, alignments were
inspected at both protein and DNA levels using both Geneious v6.1.6 (Drummond et al.,
2011) and UniPro UGENE v1.12 (Okonechnikov et al., 2012). Circos 0.64 (Krzywinski
et al., 2009) was used to plot the physical locations of the ohnologue pairs. SPSS v21
(IBM Corp., 2012) was used to perform t-tests on the pia, pis and pia/pis data.
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MCScanX analysis
MCScanX requires a unique map position for each gene, so for barley pseudo-physical
genomic locations were assigned relative to the pseudo-physical location (IBGSC, 2012)
of the synteny block containing it as follows: The lowest barley contig physical lo-
cation in each block was assigned to the first gene in the synteny block, the highest
barley contig physical location was assigned to the last gene in the block and the other
genes in the block were assigned evenly spaced pseudo-physical locations between. For
Brachypodium and rice the physical genome data (Bdistachyon 192 and Osativa 120,
downloaded from www.phytozome.net/) were used. MCScanX was run with default
parameters in all cases, apart from match size (the minimum number of neighbouring
genes required to call a collinear block) that was set to three.
The final set of HC ohnologue pairs were assigned corresponding genomic environ-
ments (LR or HR), depending upon genetic map location (Table B.1). Analysis of gene
expression of the ohnologues was performed with 262 pairs with RNA-seq data for eight
different tissues (IBGSC, 2012). Ohnologues with AK designations were converted to
their MLOC equivalents as RNA-seq data is only available for MLOCs. RNA-seq data
given in RPKM values were analysed with a univariate analysis of variance test in SPSS
v21. PAST software (Hammer et al., 2001) was also used to perform a K-means clus-
tering analysis, followed by a chi-squared test in MS Office Excel.
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2.4.8 Barley local gene pair acquisition
The following method described was performed by Taniya Dhillon. All barley genes
were blasted against themselves. All second-best hits to genes on the same chromosome
as the query were selected (i.e. ignoring gene hits to self). From this dataset of barley
best hits, locally duplicated genes were selected by removing hits on the same chromo-
some that were remote from query genes by > 2% of the corresponding chromosome
length (these were designated intrachromosomal gene translocations).
2.4.9 Gene ontology analysis
Putative protein sequences were queried against the NBCI non-redundant protein se-
quence database, using BLASTP with default settings. Results were processed in Blast2GO
(B2G4Pipe Version 2.5.0; Conesa et al., 2005). Blast2GO takes blast results and assigns
GOSlim terms to query sequences, based on GO terms of hit sequences. 96,315 GOSlim
terms were assigned to 22,465 barley genes. AgriGO version 1.2 (Du et al., 2010) was
used to separately analyse Gene Ontology (GO) term enrichment for both the ohnologue
data set and the tandem gene data set.
2.4.10 Construction of pseudogenome
The pseudogenome was constructed using chromosomal and genetic map location in-
formation primarily from the PopSeq data (Mascher et al., 2013) and the IBGSC (2012)
data if no location information was available from the PopSeq data set. Within the
PopSeq data, the Morex x Barke locations were used preferentially over the Oregon
Chapter 2. Gene expression, diversity and evolution in the barley LR-PC region 89
Wolfe locations. Contigs with known locations were ordered by cM on chromosomes,
then randomly ordered within genetic map bins and finally assembled with a string of
”NNNNNNNNNN” between each contig into a FASTA file. A GFF file stating the co-
ordinates of each contig was created as the FASTA files were created. This process was
performed a total of ten times. The Java code written for this purpose can be found in
Section C.1 in Appendix C. Gene and TE annotations were related to the pseudogenome
locations using additional Java code (see Section C.3 in Appendix C).
2.4.11 Calculation of recombination rates and definition of low-
/high-recombining regions
Local recombination rates were calculated using the Marey map approach (Chakravarti,
1991) with custom Java code by dividing the genetic map location (cM) by the physical
map location (Mb) in sliding bins for each chromosome of the manually assembled
Morex pseudogenome (see Section C.2 in Appendix C). Two passes were performed
with different window sizes, firstly the window size was 2.5 Mb with a sliding step of
250 kb and secondly, a window size of 250 kb with a sliding step of 25 kb. Each contig
was therefore assigned two recombination rates calculated from either 2.5 Mb or 250 kb
bins. From the local recombination rates, regions of high recombination (HR) and low
recombination (LR) were assigned using a cut off of 1/20 average recombination rate
for each chromosome based on the 2.5 Mb bins (Baker et al., 2014; Section 2.4.2). Any
contig with a recombination rate lower than this was defined as LR, anything higher
was HR.
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2.4.12 Analysis of the TE distribution and density in barley
The distribution of transposable elements was determined in the barley pseudogenome
using TE annotations from the IBGSC (2012) project which were given locations in
the pseudogenome (Section C.3 in Appendix C). The number of TEs in each TE class
(according to the TE classification system (Wicker et al., 2007) was counted in 1 Mb
bins along each chromosome in R. A smoothing spline was applied to the data in R
using default values.
The relationship between recombination rate and TE density was also investigated. Us-
ing the previously generated distribution of TEs, the average recombination rate (es-
timated from 250 kb bins) and TE density was calculated in 1 Mb bins along each
chromosome in R. The results were plotted and a polynomial least squares regression
model was applied to the data to generate a quadratic line of best fit in R.
CHAPTER 3
DEVELOPMENT AND OPTIMISATION
OF A CHIP-SEQ PROTOCOL TO
SURVEY THE BARLEY EPIGENOME
3.1 Abstract
Chromatin immunoprecipitation followed by Next Generation Sequencing (ChIP-seq)
is a technique to determine genome-wide enrichment of histone modifications, which
are a crucial component of the epigenome. ChIP utilises antibodies (Abs) specific to
histone epitopes of interest to capture associated DNAs. NGS can then be applied to
generate reads, which are inputs into peak calling, a bioinformatics process to locate
enriched sites along chromosomes.
This chapter presents a ChIP-seq protocol that was developed to survey the histone
modifications in the barley genome. The steps cover the generation of crosslinked, son-
icated chromatin, which was immunoprecipitated with Abs specific to 14 different his-
tone epitopes and subsequently reverse-crosslinked. DNA was extracted and sequenced.
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Bioinformatics techniques for analysis of the sequence data are also described in detail.
A number of different methods were trialled for each stage of the ChIP-seq protocol
including both manual and kit-based approaches. A kit-based ChIP method was found
to be most effective for immunoprecipitation (IP) of barley chromatin. Two read map-
pers and three peak callers were trialled and the optical pair was selected. Overall, this
protocol allows the analysis of the barley epigenome in a high throughput and efficient
manner and opens the door to further study of grass epigenomes.
3.2 Results
3.2.1 Initial development of a chromatin immunoprecipitation pro-
tocol
Crosslinking and nuclei isolation
The first stage in a ChIP experiment is crosslinking of DNA to bound proteins. Crosslink-
ing preserves the integrity of DNA and its interacting proteins during chromatin purifi-
cation from plant tissue and IP with Abs. Crosslinking can be achieved by applying
formaldehyde to plant tissue under vacuum. Vacuum infiltration allows the formalde-
hyde to penetrate into plant cells and form covalent bonds with proteins and DNA (Fox
et al., 1985). Reverse crosslinking is necessary to break the covalent linkages between
the histone and DNA formed during crosslinking. An efficient crosslinking procedure
limits under- and over-crosslinking. Under-crosslinking does not completely preserve
the chromatin structure, whereas over-crosslinking hampers the ChIP procedure (Das
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et al., 2004). If the chromatin is under-crosslinked most of the DNA can be retrieved
without reverse crosslinking. If the chromatin is over-crosslinked it will not be possi-
ble to retrieve most of the DNA after reverse-crosslinking. Inefficient crosslinking can
be identified by comparing crosslinked chromatin before and after reverse crosslinking
using agarose gel electrophoresis visualisation (Haring et al., 2007).
Initially, three previously published crosslinking methods were trialled with different
formaldehyde concentrations (Haring et al., 2007; Kaufmann et al., 2010; Oliver et al.,
2009). These methods will be referred to by the first authors name. To test the efficacy
of crosslinking, DNAs extracted from crosslinked chromatin with or without subsequent
reverse crosslinking were compared. This immunoselected DNA was then visualised by
agarose gel electrophoresis (Figure 3.1).
FIGURE 3.1: Trial of crosslinking methods. Three crosslinking methods were trialled
(Haring, Kaufmann and Oliver) with 0% (w/v), 1% (w/v), 2% (w/v) and 3% (w/v)
formaldehyde. DNA extracted from crosslinked chromatin that either had or had not
been reverse crosslinked was electrophoresed on agarose gel. The first lane is a 1 kb
DNA ladder and the second lane is 100 ng λ DNA (ca. 45 kb) marker.
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The greatest amount of DNA was retrieved from chromatin that had been crosslinked
according to the Kaufmann method. Using the λ DNA marker for quantification the
amount of DNA extracted from 1 g of starting material was estimated to be ∼10 µg.
The Haring and Oliver methods only achieved DNA yields of ∼3-4 µg. Moreover,
these DNAs appeared to be highly degraded judging by the banding patterns in the gel.
The size of these bands correspond to an increasing number of nucleosome repeats of
∼147 bp.
At this early stage in the optimisation procedure all three methods showed some level
of DNA degradation, however the Kaufmann crosslinking method was mastered and
subsequent experiments show DNA with much less degradation was retrieved from
crosslinked unsheared chromatin (for example, see the bottom row of Figure 3.2). The
Haring and Oliver methods were ruled out due to chromatin degradation. Chromatin
crosslinked with 1% (w/v) formaldehyde (Kaufmann method) appeared to be under-
crosslinked due to the presence of DNA in the non-reverse crosslinked lane (Figure
3.1). The Kaufmann method involving crosslinking with 2% (w/v) formaldehyde was
therefore chosen as the method to prepare chromatin in further experiments.
Shearing of chromatin
Sonication is often used to shear crosslinked chromatin into fragments. Sonication is
performed in cycles of pulses and cooling. The greater the number of cycles, length of
pulses and power of sonication, the greater the shearing and so the smaller the DNA
fragments produced. Following crosslinking and nuclei extraction using the Kaufmann
method (see Methods) chromatin was sheared using a number of different sonication
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conditions (Table 3.9 in Methods). After sonication, the crosslinks were reversed and
DNA was extracted before performing agarose gel electrophoresis (Figure 3.2). The
sheared samples appear as a smear on the gel indicating the range of DNA fragments
produced.
FIGURE 3.2: Trial of sonication conditions. After crosslinking with 2% (w/v)
formaldehyde, chromatin shearing was tested with 16 different sonication conditions.
The chromatin samples were split and half was sheared, half was not. The top and
bottom rows are DNA extracted from sheared and unsheared chromatin respectively.
For each cycle number the order of the lanes are as follows: 15 second pulse, 30 sec-
ond cooling; 15 second pulse, 60 second cooling; 30 second pulse, 30 second cooling;
30 second pulse, 60 second cooling. The first lane is 100 ng λ DNA marker and the
second lane is a 100 bp DNA ladder. The lane numbers correspond to the conditions
detailed in Table 3.9 in the Methods. The dark band around 200 bp is the loading dye.
25 cycles of 30 second pulses followed by 60 second cooling was chosen as the best
sonication regime for subsequent use as most of the fragments appeared to be in the
desired range of 200-500 bp (see lane 12 in Figure 3.2). Fragments of this size ensure
a resolution of 1-3 nucleosomes, with fewer small fragments (< 100 bp) produced than
most of the other sonication conditions. Small fragments may not be associated with
fully intact nucleosomes and so unavailable for IP.
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Immunoprecipitation and qPCR assay
Following crosslinking, nuclei extraction and shearing, IP with Abs specific to histone
epitopes was used to immunoselect DNA in regions of interest. Abs are raised in host
animals following incubation histone epitopes. A negative control in ChIP is IP with
non-specific pre-immune serum (mock IP). Mock IP shows the enrichment that is due
to non-specific Ab binding and uses pre-immune serum extracted from the host animal
prior to inoculation with the epitope of interest. The Kaufmann method was used for IP.
See Table 3.10 in Methods for details of the Abs used. For each sample, an aliquot of
chromatin was set aside prior to IP and immediately reverse crosslinked. This aliquot
is known as the ”input DNA” and was used to benchmark the immunoselected DNA by
end-point PCR and qPCR.
To test the Kaufmann method, sheared chromatin was immunoprecipitated or mock
immunoprecipitated with anti-H3, anti-H3K27me3 or non-specific pre-immune serum
respectively. Anti-H3 was selected as it was expected to yield the greatest amount of
DNA following IP. Anti-H3K27me3 was selected as the modification is a well charac-
terised repressive mark (see Introduction). H3K27me3 would therefore be expected to
have high enrichment in silent genes and low enrichment in active genes, something
that can be tested with appropriate regions in end-point PCR or qPCR.
To use PCR and qPCR to assess Ab enrichment, primer pairs specific to different genes
and TEs were needed. A combination of constitutively expressed, constitutively re-
pressed, heterochromatic and euchromatic genes, and TEs, were identified that would
be suitable for profiling various histone modifications. Genes were determined to have
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high/low gene expression in the tissue used here, based on microarray data (Druka
et al., 2006) and heterochromatic/euchromatic location based on genetic map position
(IBGSC, 2012). Four genes were chosen and three different TE classes (Barley retroele-
ment 1 [BARE-1], Cassandra [Cass] and Hordeum Mutator [Hormu], see Table 3.11 in
Methods). The genes chosen are detailed in Table 3.11 in Methods. In brief, high and
low expression genes from euchromatic and heterochromatic regions (abbreviated to
Eu-Hi, Het-Hi and Eu-Lo, Het-Lo respectively) were selected as they were predicted to
have different histone modifications.
TEs were used because they are typically found in chromatin bearing H3K9 and
H3K27me1/2 methylation (Lippman et al., 2004; Roudier et al., 2011). Active genes
are enriched for H3K4 methylation and H3K36 methylation, whereas silent genes are
enriched for H3K27me3 (Liu et al., 2010). Four different primer pairs that amplify
different sequences of each of the four genes were tested for use in PCR using barley
genomic DNA (data not shown). The primer pair for each gene that amplified the most
product was used for further PCRs. Thus, a set of primers were assembled that could
represent the diversity of histone modifications in barley and be used in PCR and qPCR
to assay the ChIP method.
Initially, end-point PCR was used to determine Ab enrichment of gene targets. End-
point PCR revealed that six out of seven primer pairs tested produced strong amplifica-
tion products from the input DNA (Figure 3.3). The TE-based amplicons were found
at higher levels, consistent with the fact they are highly abundant in the barley genome.
For both H3 and H3K27me3, IP and mock IP produced similar patterns, with weak am-
plification of TE PCR products only. This indicates the IP was performing above the
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FIGURE 3.3: End-point PCR results from ChIP with anti-H3 and anti-H3K27me3.
PCR was performed on input DNA (not immunoprecipitated), mock IP DNA (IP with
non-specific pre-immune serum) and IP DNA (immunoprecipitated with either anti-
H3 or anti-H3K27me3). Lanes with gene primers 2,9,16: Eu-Lo; 3,10,17: Het-Lo;
4,11,18: Eu-Hi; 5,12,19: Het-Hi. Lanes with TE primers 6,13,20: BARE-1; 7,14,21:
Cassandra; 8,15,22: Hormu. Lanes 1 and 23 and 100 bp DNA ladders.
background level of enrichment. A number of steps were taken in order to identify the
reason for this.
Diluting the DNA prior to PCR produced the same results (not shown) showing that
inhibition of PCR due to DNA concentration was not the problem. The IP washing
steps were also investigated. Aliquots were taken after each wash step of the protocol,
DNAs extracted and PCRs performed with the same primer pairs. Figure 3.4 shows that
chromatin is lost after the first wash step after IP. Chromatin was also lost after each
additional wash step (data not shown). It could therefore be possible differences in the
final DNA concentration are too small to detect with end-point PCR.
qPCR was used in subsequent IP experiments to detect Ab enrichment as it is more sen-
sitive and quantitative than end-point PCR. To use qPCR to determine
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FIGURE 3.4: Chromatin is lost at
wash steps in the ChIP procedure.
DNA extracted from chromatin eluted
from the wash fraction was subjected
to PCR using the conditions described
previously. Lanes with gene primers
1: Eu-Lo; 2: Het-Lo; 3: Eu-Hi; 4:
Het-Hi. Lanes with TE primers 5:
BARE-1; 6: Cassandra; 7: Hormu.
Lane 8 is a 100 bp DNA ladder.
enrichment for a histone modification the % input
of each immunoselected DNA sample was calcu-
lated. % input describes the percentage of chro-
matin that is immunoselected by an Ab when com-
pared to a background level (in this case, the input
DNA). Each cycle of qPCR results in a doubling
of the DNA sample. The number of cycles taken
for a DNA sample to reach a threshold quantity
in qPCR is denoted by C(t). For ChIP-qPCR the
threshold is set to the beginning of the exponen-
tial phase. The fewer cycles to reach the C(t), the
higher the initial DNA concentration. As the volume of chromatin aliquoted at the input
DNA stage (120 µl) was 27.27% of the volume that goes into each IP (440 µ), the C(t)
value for the input DNA was corrected by a dilution factor (DF) so it could be com-
pared to the IP C(t). A DF of 3.667 (100/27.27) results in 1.875 cycles (log2[3.667]) to
be subtracted from the C(t) value of input DNA. % input is calculated as 100 x 2δC(t),
where δC(t) is (corrected input C[t] - IP C[t]).
ChIP was performed with anti-H3 in duplicate. qPCR was performed in triplicate on
the input DNA and the DNA extracted from the immunoselected chromatin. Six of the
seven primers were optimised for use in qPCR by Nicki Cook with help from Hazel
McLellan and Jenny Morris. The qPCR results show definitively that the IP and mock
IP have the same low level of Ab enrichment (Table 3.1). In the best case (sample 1,
Hormu, mock IP), the IP method could only retrieve ∼0.14% the amount of DNA that
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went into the IP. Moreover, the % input values with anti-H3 were no higher than IP with
non-specific immune serum.
TABLE 3.1: qPCR results from two samples that were immunoprecipitated with
anti-H3 antibodies.
Sample Primera
Input
C(t)
Corrected
input
C(t)b
IP
C(t)
Mock
IP
C(t)
IP
δC(t)
Mock
IP
δC(t)
% Input IP
(SD)
% Input
mock IP
(SD)
1
Eu-Lo 23.1 21.3 34.3c 34.9d -12.9 -13.7 0.013 0.008(0.001)
Het-Lo 20.5 18.6 34.0 34.4d -15.4 -17.1 0.006(0.007) 0.007(0.009)
Eu-Hi 24.6 22.7 N/A N/A N/A N/A N/A N/A
BARE-1 14.9 13.0 28.6 27.6 -15.6 -14.6 0.002(0.001) 0.004(0.001)
Cass 14.8 12.9 29.3 28.6 -16.3 -15.7 0.001(0.000) 0.002(0.000)
Hormu 16.0 14.1 31.2 31.0 -18.0 -16.9 0.056(0.097) 0.141(0.244)
2
Eu-Lo 22.5 20.7 33.5 32.9 -12.8 -12.2 0.035(0.035) 0.023(0.013)
Het-Lo 22.5 20.6 N/A 32.2 N/A -11.6 N/A 0.034(0.012)
Eu-Hi 21.0 19.1 35.1c 34.3c -12.7 -12.2 0.015 0.022
BARE-1 14.8 13.0 27.3 26.2 -14.4 -13.2 0.005(0.002) 0.011(0.003)
Cass 15.3 13.4 28.6 28.3 -15.2 -14.9 0.003(0.002) 0.004(0.003)
Hormu 16.6 14.7 30.2 29.8 -15.5 -15.1 0.002(0.000) 0.003(0.001)
a Naming of genes: Eu: euchromatic; Het: heterochromatic; Hi: high expression; Lo: low expression.
TEs: BARE-1: Barley retroelement 1; Cass: Cassandra; Hormu: Hordeum Mutator.
b Corrected input C(t) values were calculated by subtracting the log2(dilution factor) from the input DNA
C(t) values.
c Only one replicate amplified a product within 40 cycles. Analysis was performed on this one replicate.
d Only two replicates amplified a product within 40 cycles. Analysis was performed on the mean of
these two replicates.
Protein analysis of immunoprecipitation products
Given the lack of enrichment above background level described above, SDS-PAGE and
Western blotting was used to assay the histone proteins. In order to rapidly investi-
gate the efficacy of Ab binding to histones a number of direct protein analyses were
performed. Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)
followed by Coomassie blue staining was used to assay the immunoprecipitation pro-
cess.
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Commercially produced recombinant human H3.3 protein (a histone variant with only
5 amino acid differences with H3; Szenker et al., 2011) was immunoprecipitated with
FIGURE 3.5: SDS-PAGE of re-
combinant H3 protein-Ab IP
products. IP of recombinant H3
protein with anti-H3 Ab was per-
formed followed by SDS-PAGE.
PI: pre-immune serum.
anti-H3 using the Kaufmann IP method. Proteins
were extracted from the immunoprecipitates using ace-
tone precipitation and SDS-PAGE and Coomassie blue
staining was performed (Figure 3.5). No bands corre-
sponding to H3 (∼15.5 kDa) were seen in any of the
immunoprecipitated samples. The bands at ∼24 kDa
and ∼53 kDa correspond to the light and heavy chain
respectively of the Ab molecules and indicate that the
Abs can be successfully bound to and released from
protein A agarose beads. The band at ∼66.5 kDa cor-
responds to BSA.
The next experiment used H3 protein in an IP with increasing volumes of anti-H3 Abs
(1, 2, 4, 8 or 16 µl) to see if increasing Ab concentration would improve IP. Again,
the Kaufmann IP method was used followed by acetone precipitation. A Western blot
was performed with the precipitates that had been transferred from the polyacrylamide
gel to nitrocellulose membrane (Figure 3.6). As can be seen from the Western blot, the
presence of H3 cannot be detected in the immunoprecipitated fractions. Increasing the
volume of Ab did not improve IP.
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FIGURE 3.6: Western blot results of IP of recombinant H3 protein with varying
amounts of anti-H3. IP using varying amounts of anti-H3 followed by SDS-PAGE
and Western blot was performed.
3.2.2 Trialling an alternative immunoprecipitation protocol
Because the Kaufmann ChIP method did not yield immunoselected DNA an alternative
ChIP method was trialled. This method was developed by the Gordon Simpson lab at the
University of Dundee (adapted from Terzi and Simpson, 2009; see Methods). The ma-
jor differences between the Kaufmann and Simpson methods were reduced crosslinking
duration and intensity (1% (w/v) formaldehyde for 15 minutes), decreased sonication
time (10 cycles), different buffer components and reaction volumes, use of magnetic
protein A bound beads (in comparison to agarose protein A bound beads) and an alter-
native reverse crosslinking method. The detailed protocols are described in Methods.
Two experiments were performed to determine whether the Simpson method could suc-
cessfully IP barley chromatin. In the first experiment the following Abs were used:
anti-H3, anti-H3K9me3, anti-H3K36me3, no Ab control (beads only) and pre-immune
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FIGURE 3.7: qPCR results from Simpson ChIP method. qPCR was performed
on beads only IP DNA (IP negative control with no Ab and no chromatin), mock IP
DNA (chromatin immunoprecipitated with non-specific pre-immune serum) and IP
DNA (chromatin immunoprecipitated with anti-H3, anti-H3K4me3, anti-H3K9me1,
anti-H3K9me2 and anti-H3K36me3). The H3 and Mock results are an average of the
% input results from both experiments.
serum (mock IP). In the second experiment (performed by Nicki Cook) the follow-
ing Abs were used: anti-H3, anti-H3K9me1, anti-H3K27me3, anti-H3K4me3 and pre-
immune serum. After IP, the chromatin was reverse crosslinked and the DNA was
eluted for use in qPCR (Figure 3.7). The IP results were mixed. H3, H3K9me1
and H3K36me3 could be successfully assayed using the Simpson ChIP method but
H3K4me3 and H3K9me3 did not show any enrichment in the tested gene and TE re-
gions. This could be because those regions simply are not enriched for either of the
marks or it could indicate a technical problem at some point in the ChIP procedure.
Overall though, this result represented a positive step in the optimisation procedure as
enriched regions could be detected for the first time. Further experiments were carried
out to improve this ChIP method.
The next experiment compared chromatin prepared using the Kaufmann method against
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chromatin prepared using the Simpson method. Following crosslinking, nuclei extrac-
tion and sonication using these respective methods, the chromatin was immunoprecip-
itated using the Simpson method in both cases. IP was performed in duplicate with
anti-H3, anti-H3K9me1 and pre-immune serum. After using the Simpson method of
reverse crosslinking, DNA was eluted and assayed in qPCR (Figure 3.8).
FIGURE 3.8: qPCR of DNA extracted from chromatin that had been prepared
according to either the Kaufmann or Simpson methods and immunoprecipitated
according to the Simpson method.
The Simpson method of IP resulted in the detectable enrichment of H3 and H3K9me1 in
the five tested gene/TE regions. Both methods of chromatin preparation were success-
ful in generating usable sheared chromatin that could be immunoprecipitated. Follow-
ing this experiment, the Kaufmann method of IP (using only anti-H3 and pre-immune
serum) was tested on Simpson method derived chromatin. This resulted in zero enrich-
ment for H3 (data not shown). Taken with the SDS-PAGE (Figure 3.5) and Western
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blot (Figure 3.6) results it was confirmed that the Kaufmann method of IP is not effec-
tive for chromatin derived from barley seedlings. However, the Kaufmann method of
chromatin preparation (crosslinking and nuclei extraction) actually resulted in greater
% input values than the Simpson method (Figure 3.8) along with a higher background
level. The Simpson method of chromatin preparation and IP was adopted for future use.
Additional Abs were tested for use with the Simpson protocol by Nicki Cook (Figure
3.9). Most of the Abs tested resulted in some level of enrichment in the gene/TE re-
gions but H3K4me3, H3K9me3 and H3K27me3 did not show any signs of enrichment.
Additionally, the profiles of all the different histone modifications were very similar.
FIGURE 3.9: Additional testing of antibodies used for IP. Chromatin was prepared
and immunoprecipitated using the Simpson method by Nicki Cook.
We hypothesised that this could be due to three reasons. Firstly, it was possible that the
IP was working fine and was accurately reflecting the enrichment for the tested regions
which just happen to be similar. Secondly, the IP was working non-specifically due to
the IP incubation time and/or the order of addition of reagents (protein A, Abs, chro-
matin). Thirdly, the resolution of the ChIP experiment was too low due to inadequate
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sonication resulting in too many large fragments of chromatin. The larger the chromatin
fragment the greater the number of bound histones which could be modified in various
ways. A number of different Abs would thus be able to pull down the same fragment.
The issue of possible non-specific binding during IP was addressed first. An experiment
was performed to test how the order of adding reagents and incubation time could affect
the IP. The Simpson method calls for ten minute incubation of protein A magnetic beads
and Abs at 4 ◦C with constant rotation. The Ab bound beads are then incubated with
prepared chromatin overnight at 4 ◦C with constant rotation. Two alternative condi-
tions were tested. Firstly, incubating Abs and chromatin overnight at 4 ◦C with constant
rotation followed by an extended incubation (increased to one hour) with protein A
magnetic beads at 4 ◦C with constant rotation. Secondly, extended incubation of Abs
and beads (one hour) at 4 ◦C with constant rotation followed by overnight incubation
with chromatin at 4 ◦C with constant rotation. Both conditions were tested in dupli-
cate with anti-H3, anti-H3K9me1, anti-H3K56ac and pre-immune serum. A new TE
(Cereba) was also tested at this point, Cereba is exclusively found in the centromere
which is home to histone variants. These histone variants supplant H3 in some regions,
therefore IP with anti-H3 was expected to yield a lower % input for Cereba than other
TEs.
The qPCR results of this experiment can be found in Figure 3.10. Both of these alter-
native IP conditions resulted in very similar profiles and unexpectedly, Cereba showed
enrichment profiles that mirrored Hormu.
The Ab plus chromatin followed by beads method was adopted for further experiments
as there was little difference between the outputs of the two conditions and it more
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FIGURE 3.10: Two alternative IP conditions trialled.
closely mirrored the previous methods tested. This method was used to immunopre-
cipitate two previously failed Abs (anti-H3K4me3 and anti-H3K9me3). As a positive
control, two successful Abs (anti-H3K9me1 and anti-H3K56ac) were immunoprecip-
itated alongside the failed Abs. The IP was performed in duplicate and followed by
qPCR on the immunoselected DNA (Figure 3.11). The new IP method improved the
enrichment of H3K4me3, though H3K9me3 enrichment was still undetectable.
The third possible reason for similar modification profiles across tested regions was
low resolution due to insufficient chromatin shearing. To determine whether the res-
olution of ChIP could be improved, sonication was reassessed. The number of cycles
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FIGURE 3.11: Retesting of previously failed antibodies in IP. Anti-H3K4me3 and
anti-H3K9me3 Abs were immunoprecipitated alongside positive control Abs, anti-
H3K9me1 and anti-H3K56ac.
(10) and pulse/cooling time (30s/60s) were retained but sonicator power was increased.
Previously, it had only been tested at low power. IP was performed in duplicate with
anti-H3K9me1, anti-H3K56ac, anti-H3K4me3 and pre-immune serum.
FIGURE 3.12: Two alternative
sonication conditions were trialled
and tested with agarose gel elec-
trophoresis. First column is 100 bp
DNA ladder.
See Figure 3.12 for the agarose gel electrophore-
sis results and Figure 3.13 for the qPCR results.
High sonication resulted in reduced % input val-
ues, possibly as a result of the decreased fragment
sizes reducing the DNA concentration of the im-
munoselected fractions overall. The high power
sonication did not appear to adversely affect the
binding specificity however, as within each condi-
tion the profiles are still very similar between the
histone epitopes tested. There even appeared to be a slight improvement, for example
Het-Lo was less enriched for H3K56ac, in line with expected reduction of H3K56ac in
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FIGURE 3.13: Two alternative sonication conditions were trialled and tested with
qPCR.
lowly expressed genes. However, the central problem with the Simpson method namely
similar enrichment profiles across dissimilar test regions, could not be solved by in-
creased sonication.
To further test my IP protocol materials were exchanged with Nicole Ay at the Martin
Luther University of Halle-Wittenberg, Germany. Ms Ay had developed and was using
a ChIP protocol on mature barley leaf tissue. Four chromatin samples were prepared by
me and two samples were sent to Ms Ay. I performed IP on the two samples using my
protocol and Ms Ay performed IP according to her method on the chromatin samples
supplied by me. An aliquot of our anti-H3K4me3 was also provided to Ms Ay to test its
efficacy. She in return sent me the PCR primers she was using. qPCR was performed
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FIGURE 3.14: qPCR of immunoselected DNAs using Ms Ay’s primers. IP was
performed using the Simpson method. Purified DNA was assayed by qPCR using Ms
Ay’s primers.
FIGURE 3.15: qPCR of immunoselected DNAs generated from Ms Ay’s ChIP pro-
tocol. qPCR and ChIP was performed by Ms Ay. * Anti-H3K4me3 provided by our
lab.
by myself (Figure 3.14) and Ms Ay (Figure 3.15) on our own immunoselected DNAs.
The enrichment profiles for H3 and H3K4me3 across the 7 gene targets are very sim-
ilar for both our and Ay’s IP protocols. This indicates our IP protocol could generate
reproducible results. However, H3K9me2 Ab did not result in enrichment in our IP
experiment. A new polyclonal anti-H3K9me2 Ab derived from rabbit was purchased
(Active Motif, Cat. No. 39375, Lot No. 29108001) and used in further experiments to
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determine if the lack of enrichment was due to the original Ab. The new Ab appeared to
be successful (see Chapter 4) and so the zero enrichment observed in Figure 3.14 could
be attributed to the original Ab.
3.2.3 Trial of kit-based chromatin immunoprecipitation protocol
In view of the worrying similarity between the IP profiles across our suite of target
genes when comparing different Abs we decided to trial a commercial ChIP kit (Abcam
EpiSeeker Plant kit) against the manual ChIP method. The kit method mirrors the man-
ual method and has the same basic steps of a ChIP protocol, namely crosslinking, nuclei
extraction, sonication, IP, reverse crosslinking and DNA elution. Rather than using pro-
tein A bound beads however, the kit utilises wells which are pre-coated with protein A.
The protocol was followed according to manufacturer’s instructions to immunoprecip-
itate chromatin with anti-H3, anti-H3K9me1 and anti-H3K56ac. qPCR was performed
prior to library construction to confirm the IP was successful (Figure 3.16). The qPCR
could only be performed with two primer pairs as the volume of DNA retrievable from
the kit, 15 µl and 10 µl had to be retained for Illumina library construction. We there-
fore used the diametrically opposed targets, namely H3K9me1 and H3K56ac, which
had also been reliable when used in the manual ChIP method.
The kit ChIP method was very efficient, yielding high % input values for the histone
epitopes tested (Figure 3.16). Moreover, the H3K56ac enrichments were in line with
an expected outcome of high enrichment in a highly expressed gene (Eu-Hi) and low
enrichment in a DNA transposon (Hormu). The H3K9me1 results were not as expected
however, with higher enrichment in Eu-Hi than Hormu.
Chapter 3. Development and optimisation of a ChIP-seq protocol to survey the barley
epigenome 112
FIGURE 3.16: qPCR quality control of immunoselected DNA (using ChIP kit)
prior to sequencing.
Following success with H3, H3K9me1 and H3K56ac, myself and Nicki Cook trialled
the ChIP kit with 11 additional Abs (Figure 3.17). The active marks H3K4me2, H3K4me3,
H3K9ac, H3K36me3, H4K5ac and H4K16ac were all more highly enriched in Eu-Hi
than Hormu, in line with expected results from previous work (see Introduction). More-
over, the different Abs generated different enrichment profiles with the kit in contrast to
the manual method which exhibited similar IP profiles for different modifications.
FIGURE 3.17: qPCR of ChIP kit immunoselected DNAs. The ChIP kit was used
to IP barley chromatin using 14 Abs specific to histone epitopes in triplicate. The
DNAs retrieved following IP were assayed by qPCR at two regions. Error bars indicate
standard deviation.
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3.2.4 Illumina library preparation
As the DNA yields are so small after ChIP, testing of enrichment by qPCR is limited to
a small selection of regions. In order to survey the modifications more extensively, and
compare the manual and kit methods, a pilot sequencing experiment was performed.
H3, H3K9me1 and H3K56ac were chosen for sequencing primarily as they had reli-
able enrichment results in qPCR and would be expected to have distinct distributions.
H3K9me1 is a repressive mark and H3K56ac is an activating mark (see Introduction).
IP was done in triplicate and following reverse crosslinking and DNA purification, Il-
lumina DNA libraries were constructed and paired-end, multiplex sequencing was per-
formed.
Illumina NGS is the most commonly used platform for sequencing ChIP-seq data there-
fore there are a lot of peak calling programs (see Introduction) which can process Illu-
mina reads (Park, 2009). Paired end reads can be generated from Illumina NGS which
facilitate read mapping. Paired end reads have an adaptor at either end of the DNA tem-
plate which can be used to relate the read to a reference sequence more effectively than
single end reads (Fullwood et al., 2009). Multiplexing allows multiple samples to be
sequenced in the same Illumina lane, reducing costs and time of sequencing. Multiplex-
ing is achieved with unique ”barcode” adapters that are ligated to each DNA fragment
(Wong and Moqtaderi, 2009). This allows samples to be pooled, sequenced and then
demultiplexed for downstream informatics processes.
Immunoselected DNA fragments were prepared for sequencing by ligating barcoded
adapters to both ends using the Diagenode MicroPlex Library Preparation kit. The
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kit utilises a PCR step to increase the DNA library concentration prior to sequencing.
The optimal point at which to end the PCR is in the middle of the linear phase, when
the DNA has been sufficiently amplified but does not contain substantial bias in its
sequence content introduced from PCR duplicates. As this mid-point is dependent on
DNA concentration, different samples would have different mid-points. In order to
process multiple samples at a time the number of PCR cycles to reach mid-point were
predicted for each sample using a ”sacrificial aliquot”.
Six ChIP samples were prepared with the Diagenode kit. After an initial five PCR
cycles, the libraries were placed on ice and 10 µl was removed. 1 µl was used in a
”sacrificial” qPCR to determine the midpoint of the linear phase for each sample (Figure
3.18). A previously constructed Illumina NGS library using Morex genomic DNA was
used as a positive control. 3 µl was used for PicoGreen DNA quantification and the
remainder was stored at -80 ◦C.
FIGURE 3.18: Example of sacrificial qPCR assay. Each line corresponds to a sample
undergoing amplification. The dashed black line is the threshold manually set to the
middle of the linear phase. The grey dashed lines show the intersection of the threshold
for the six samples.
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From the sacrificial qPCR it was found the input samples required about 9 cycles to
reach the linear mid-point and roughly 7 cycles were required for the H3 samples. As
the remaining volume in the libraries was 65 µl, these cycle numbers were decreased by
five to account for the extra volume. Thus, the resulting cycles required for additional
library amplification were 4 for the input samples and 2 for the H3 samples. Quality
control qPCR was performed on the final libraries to ensure amplification was success-
ful (Figure 3.19). The Morex library was again used as the positive control and reactions
with no template DNA was used as negative control. This library preparation method
was followed for the other DNA samples. The resulting libraries were cleaned up and
size-selected with Agencourt AMPure XP beads. PicoGreen quantification was used to
estimate the DNA concentration of each library (Table B.3 in Appendix B).
FIGURE 3.19: Quality control qPCR of manual ChIP method input and H3 li-
braries. Each line corresponds to a sample undergoing amplification. The dotted
black line is the threshold manually set to the beginning of the exponential phase.
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3.2.5 Pilot sequencing and mapping results
The sample libraries were randomly sorted into two 12x multiplexed batches, with each
batch corresponding to an Illumina HiSeq 2000 lane. Libraries were pooled to equal
concentration of 15 nM in 20 µl water and sequenced by TGAC, Norwich. The raw
sequence reads derived from the NGS libraries prepared by me were subjected to quality
control at TGAC with FastQC (Andrews, 2010) and then quality trimmed with a base
quality cut-off of 20 using Cutadapt (Martin, 2011). Reads were mapped by me to
the Morex pseudogenome (see Chapter 2 for more details) using Bowtie2 (Langmead
and Salzberg, 2012) with parameters that allowed a maximum mismatch rate of 5%
(see Methods for full description of mapping procedure). The mapping rates were low,
ranging between 36.3% and 46.2% (Table 3.2).
Adapter contamination was investigated as a reason for low mapping rates. A sub-
set of 10,000 reads from one of the samples (ChIP kit method input replicate three)
was queried against a database of Illumina adapter sequences using BLASTN. 2,465
(∼25%) reads returned a hit with a maximum e-value of 0.21. This represents a high
contamination so three adapter trimming programs were trialled, namely Trimmomatic,
Scythe and Cutadapt (Bolger et al., 2014; Martin, 2011; Scythe publicly available at
https://github.com/vsbuffalo/scythe). The read subset was adapter-
trimmed by each program and then queried against the Illumina adapter sequences using
BLASTN. Cutadapt had the best rate of contamination removal, only 231 reads returned
a hit. 434 reads and 369 returned hits after trimming with Scythe and Trimmomatic re-
spectively.
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TABLE 3.2: Initial read mapping summary for manual and kit ChIP method.
Method Sample Replicate
Total Number of mapped reads Mapping
reads Paired* Singletons† rate (%)
Manual
Input
1 32,533,748 9,150,474 3,245,531 38.10
2 24,345,330 6,739,892 2,520,111 38.04
3 22,934,366 6,432,988 2,241,789 37.82
H3
1 17,058,216 4,340,664 2,067,242 37.56
2 18,915,310 4,783,072 2,252,483 37.20
3 13,745,608 3,530,768 1,675,726 37.88
H3K9me1
1 25,340,382 6,426,556 2,827,166 36.52
2 15,836,580 3,916,752 1,863,566 36.50
3 16,679,212 4,150,586 1,897,298 36.26
H3K56ac
1 16,088,370 4,036,566 1,863,979 36.68
2 17,977,720 4,635,096 2,027,621 37.06
3 15,263,172 3,882,896 1,791,401 37.18
Kit
Input
1 39,346,670 13,485,812 2,825,300 41.45
2 82,892,912 29,287,450 5,899,052 42.44
3 53,347,354 18,730,660 3,452,038 41.58
H3
1 32,085,716 9,709,764 2,698,738 38.67
2 29,265,210 9,331,746 2,382,348 40.03
3 19,074,124 5,973,202 1,533,680 39.36
H3K9me1
1 22,411,204 6,605,548 1,971,371 38.27
2 36,678,662 10,966,928 3,108,203 38.37
3 35,080,738 10,283,756 2,980,815 37.81
H3K56ac
1 25,313,430 9,735,762 1,830,970 45.69
2 26,953,976 10,579,758 1,865,758 46.17
3 36,974,084 14,527,850 2,305,039 45.53
* Paired: reads mapped in pairs.
† Singletons: reads mapped as orphans (one read in the pair failed to align)
To further improve the mapping rate a multi-step mapping protocol was trialled. A
subset of 100,000 paired end reads (200,000 in total) were randomly selected from each
sample. Reads were first quality and adapter trimmed with Cutadapt before mapping
with Bowtie2 using the same parameters as above. As Cutadapt was not able to remove
all the contaminating sequences (2.31% reads; see above) reads failing to align were
then manually trimmed at both ends (3 bp at the 5’ end, 5 bp at the 3’ end) before
mapping. Any reads not mapped after this were then additionally manually trimmed by
15 bp at both ends before mapping. The mapping rate summaries can be found in Table
3.3. Mapping rates were substantially increased using the multi-step protocol compared
to the previous mapping run.
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TABLE 3.3: Multi-step read mapping procedure using Bowtie2.
Method Sample Replicate
Number of mapped reads* Mapping
First Second Third Total† rate (%)
Manual
Input
1 114,135 12,710 16,899 143,744 71.87
2 112,968 12,575 16,827 142,370 71.19
3 113,655 12,775 16,878 143,308 71.65
H3
1 115,442 13,867 17,908 147,217 73.61
2 114,919 14,024 18,050 146,993 73.50
3 115,494 13,762 17,354 146,610 73.31
H3K9me1
1 113,501 14,080 17,865 145,446 72.72
2 111,641 13,659 17,319 142,619 71.31
3 112,778 13,987 8,506 135,271 67.64
H3K56ac
1 113,255 14,283 17,968 145,506 72.75
2 114,042 13,851 17,579 145,475 72.74
3 114,280 13,798 17,421 145,499 72.75
Kit
Input
1* 118,995 12,384 15,326 146,705 73.35
2* 120,631 12,175 14,949 147,755 73.88
3 121,378 12,065 14,521 147,964 73
H3
1* 117,004 14,149 17,891 149,044 74.52
2* 120,973 13,803 17,355 152,131 76.07
3 119,815 14,004 17,593 151,412 75.71
H3K9me1
1* 117,271 14,455 17,778 149,504 74.75
2* 118,128 14,197 17,505 149,830 74.92
3 116,554 14,690 17,956 149,200 74.60
H3K56ac
1* 123,480 11,045 13,736 148,261 74.13
2* 121,540 10,284 12,806 144,630 72.32
3 118,438 9,204 11,468 139,110 69.56
* Number of reads mapped after first, second and third mapping steps is given (see main Text for
details).
† Total number of reads mapped from all three steps.
As an alternative mapping strategy STAR, another short read mapper (Dobin et al.,
2013), was also trialled. STAR was developed to map RNA reads but it can be co-opted
to map DNA reads by disabling the ability to map across splice junctions. STAR also
performs adapter trimming in the same mapping run so additional pre-processing of
reads is unnecessary. STAR handles multi-mappable reads by mapping those reads in
all possible places (up to a maximum of 10 possible sites) and assigning a ”primary”
flag to the position with the highest mapping quality and using a ”secondary” flag for
all the other possible mappings.
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Reads were mapped with STAR and to ensure they were only considered once, sec-
ondary mappings were removed using SAMtools v0.1.18 View (Table 3.4; Li et al.,
2009). PCR duplicates were also removed following secondary read removal with
Picard-tools v1.51 MarkDuplicates (http://broadinstitute.github.io/picard/). The pri-
mary read mapping rates reveal that the performance of STAR is comparable to the
multi-step Bowtie2 mapping procedure (Table 3.3; Table 3.4). Slight differences were
apparent however, STAR mapped ChIP kit reads at a greater rate than Bowtie2, whereas
Bowtie2 mapped manual ChIP reads at a greater rate than STAR.
TABLE 3.4: Read mapping summary using STAR.
Method Sample Replicate
Number of reads Mapping rate (%)
Totala Mappedb Primaryc Non-dupsd Primaryc Non-dupsd
Manual
Input
1 32,533,748 27,119,998 23,480,333 21,855,082 72.17 67.18
2 24,345,330 20,290,498 17,456,396 16,375,687 71.70 67.26
3 22,934,366 19,107,854 16,633,327 15,629,065 72.53 68.15
H3
1 17,058,216 14,429,972 11,195,168 10,226,681 65.63 59.95
2 18,915,310 15,976,212 17,456,396 11,271,325 92.29 59.59
3 13,745,608 11,608,564 9,039,088 8,314,263 65.76 60.49
H3K9me1
1 25,340,382 21,117,882 16,661,050 15,104,580 65.75 59.61
2 15,836,580 13,077,628 10,233,905 9,375,143 64.62 59.20
3 16,679,212 13,870,072 10,873,046 9,941,075 65.19 59.60
H3K56ac
1 16,088,370 13,494,696 10,532,984 9,605,019 65.47 59.70
2 17,977,720 15,098,592 11,997,062 10,995,898 66.73 61.16
3 15,263,172 12,811,062 10,048,455 9,214,487 65.83 60.37
Kit
Input
1* 39,346,670 32,148,470 30,070,030 17,634,050 76.42 44.82
2* 82,892,912 68,325,008 64,112,651 43,541,909 77.34 52.53
3 53,347,354 43,743,318 41,863,018 19,100,916 78.47 35.80
H3
1* 32,085,716 27,568,368 25,027,767 22,200,512 78.00 69.19
2* 29,265,210 25,175,526 22,950,662 20,702,923 78.42 70.74
3 19,074,124 16,352,040 14,964,544 13,469,243 78.45 70.62
H3K9me1
1* 22,411,204 19,058,274 17,011,451 15,246,426 75.91 68.03
2* 36,678,662 31,226,382 28,106,299 25,208,411 76.63 68.73
3 35,080,738 29,895,938 26,965,548 24,456,972 76.87 69.72
H3K56ac
1* 25,313,430 20,941,102 19,158,204 19,158,204 75.68 75.68
2* 26,953,976 21,713,768 19,978,701 11,350,632 74.12 42.11
3 36,974,084 28,524,600 26,564,207 6,367,884 71.85 17.22
a Total number of reads.
b Number of reads mapped by STAR.
c Number of reads after secondary read removal and associated mapping rate (see main Text for details).
d Number of reads after PCR duplicate removal and associated mapping rate (see main Text for details).
The positionings of mapped reads were then compared between STAR and Bowtie2
using a subset of 10,000 reads from one sample (ChIP kit method H3K56ac replicate
three). All those reads were successfully mapped using Bowtie2 and were then checked
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against STAR mappings (Table 3.5). Overall, 99.98% of the reads mapped by Bowtie2
were also mapped by STAR and 90.70% of the reads were mapped successfully in
pairs by both mappers, with 3.13% were mapped as singletons by both mappers. Of
the remaining reads, STAR mapped substantially more in pairs (5.92% compared to
Bowtie’s 0.05%). 94.4% of reads were mapped with a starting position within 10 bp
of each other by both mappers. STAR was chosen by me to map reads as it works out
∼200 times faster than the Bowtie2 multi-step protocol and resulted in very comparable
mappings.
TABLE 3.5: Comparison of read mappers Bowtie2 and STAR.
Mapping*
Number Start of read position†
of reads Exact ≤ 10 bp ≤ 25 bp ≤ 100 bp
Paired 9,070 5,390 8,710 8,775 8,925
Singleton 313 124 225 229 230
Opposite 597 284 500 512 524
Total 9,980 5,798 9,435 9,516 9,679
99.8% 57.9% 94.4% 95.2% 96.8%
* Type of mapping. ”Paired”: both mappers aligned the reads as pairs; ”Singleton”: both mappers
aligned the reads as singletons; ”Opposite”: one mapper aligned the reads in pairs, the other mapper
aligned the reads as singletons.
† Number of reads with start position exactly the same for both mappers or within 10, 25 or 100 bp.
3.2.6 Pilot peak calling and qPCR validation of peaks
Peak calling is a bioinformatics protocol to identify regions of enrichment in a sequenc-
ing data set. Peak calling is especially useful for ChIP-seq as it can identify regions in
the genome associated with histones or transcription factors of interest. Using a back-
ground data set (such as the input DNA sample) improves the ability of peak callers to
identify enriched regions (Diaz et al., 2012; Kharchenko et al., 2008; Xu et al., 2010).
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My original mappings (Table 3.2) were used for optimising peak calling. Three peak
callers were trialled: CCAT, FindPeaks and SISSRS (see Methods; Fejes et al., 2008;
Jothi et al., 2008; Xu et al., 2010). Table 3.6 shows the results of this trial. FindPeaks
found many more peaks than SISSRS and CCAT especially. Furthermore, FindPeaks
found rather similar peak numbers for each histone epitope whereas CCAT and SISSRS
found far fewer H3 and H3K9me1 peaks than H3K56ac.
TABLE 3.6: Pilot peak calling summary for manual and kit ChIP method.
Method Sample Replicate
Number of peaks
CCAT FindPeaks SISSRS
Manual
H3
1 912 25,187 5,408
2 3,293 23,016 6,782
3 1,511 26,940 6,511
H3K9me1
1 1,981 24,137 8,295
2 2,226 23,747 8,139
3 3,219 25,115 9,412
H3K56ac
1 1,704 23,415 8,191
2 2,737 26,162 5,342
3 1,990 27,849 8,256
Kit
H3
1 1,589 32,820 14,060
2 61 39,351 9,793
3 1,257 36,644 9,378
H3K9me1
1 12,647 31,685 11,433
2 123 31,369 6,883
3 1,278 26,140 11,680
H3K56ac
1 13,626 34,501 25,950
2 18,772 37,095 42,635
3 29,983 12,346 15,631
As the peak callers returned very different results the peaks were examined at the gene
level to determine which peak caller was most accurate. I had previously used qPCR
to determine modification enrichment in a set of genes during the ChIP optimisation
procedure (see Section 3.2.1). This gene set and additional genes (listed in Table 3.13
in Methods) were examined for CCAT, FindPeaks and SISSRS peaks, then the locations
of the identified peaks were visualised in Geneious v6.1.6 (Drummond et al., 2011). An
example gene (Eu-Hi = MLOC 19829) is given in Figure 3.20. This Figure shows
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the contig on which Eu-Hi is found along with the location of the primer pair used in
qPCR. All of the computationally identified peaks on this contig are also shown. Of
the two modifications tested, only H3K56ac had observable enrichment at the primer
coordinates in this and all the other test genes. This modification was therefore chosen
for further peak validation.
qPCR was performed on the H3K56ac DNA libraries using primers specific to the test
regions. H3K56ac enrichment was determined by calculating fold change in a similar
way as before (fold change = 2δC(t), where δC(t) is (input C[t] - IP C[t]); Section 3.2.1).
However, the input C(t) did not need to be corrected as the input and sample DNA
concentrations were the same. A peak was called from the qPCR data if the fold change
was found to be greater than five (the minimum fold change identified by all the peak
callers). Table 3.7 shows the peak calling and ChIP-qPCR results of the tested genes.
TABLE 3.7: qPCR validation of CCAT, FindPeaks and SISSRS peaks.
Gene
H3K56ac enrichmenta
CCAT FindPeaks SISSRS qPCR
DREB1b - - - - - - - - - - - +
Eu-Hi + + + - + - - - - + + +
Eu-Lo + + + + + - - - - - + +
HKT1b - - + - - - - - - - - +
HVAb - - + - - - - - - - - +
HVP10b - - - - - - - - - - - -
NHX1b - - - - - - - - - + + -
RAFb + + + + + - + + - + + +
SOS1b - - - - - - - - - - - -
SOS2b + + + + + - - - - + + +
Accuracyc 87% 63% 53%
a -/+ refers to whether a peak was identifiable or not by peak calling or qPCR. Each symbol refers to a
corresponding replicate.
b Primers were validated for qPCR by Steven Dreißig (data not shown).
c The accuracy was calculated as the percentage of times the peak caller correctly called a peak in
agreement with qPCR.
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FIGURE 3.20: Positioning of peaks called by CCAT, FindPeaks and SISSRS on
the Eu-Hi gene. The Morex contig and MLOC accession (IBGSC, 2012) for Eu-Hi is
given. CCAT, FindPeaks and SISSRS were each run on the same data. The locations
of peaks are plotted against the contig coordinates. Each row has the peak data for
one replicate per histone modification. Blocks which begin with two internal arrows
indicate that the start of the peak is beyond the start of the contig.
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The accuracy of each peak caller was calculated as the proportion of times the peak
caller correctly identified a peak which had been identified using qPCR. CCAT was
found to be the most accurate, matching the qPCR results 87% of the time. FindPeaks
and SISSRS achieved accuracies of 63% and 53% respectively. Therefore, I adopted
CCAT for subsequent peak calling.
3.2.7 Genome scale comparison of manual and kit ChIP methods
As described above, a bioinformatics pipeline to map reads and call peaks from ChIP-
seq data was developed. This pipeline was then used to compare the manual and kit
ChIP methods at the genome scale as one of the aims of this thesis is to survey the
epigenome of barley so comparison of the epigenomic profiles generated by both meth-
ods is vital. Following encouraging peak validation results (see above) and qPCR re-
sults from kit-based ChIP using additional Abs (Figure 3.17) additional sequencing was
performed on the ChIP kit samples and these reads were combined with the pilot se-
quencing reads to give the final ChIP kit data sets.
STAR was used to map reads to the manually assembled barley genome as previously
described (see above; Table 3.4) and CCAT was used to call peaks of H3K9me1 and
H3K56ac enrichment using updated peak calling parameters for H3K56ac (Table 3.8;
full parameter details are given in the Methods). The CCAT documentation recom-
mends applying different peak calling parameters for modifications with narrow (i.e.
H3K4me3) versus broad (i.e. H3K36me3) enrichment patterns (Xu et al., 2010). Visu-
alisation examination of H3K56ac enriched regions using original parameters revealed
high incidence around the TSS (i.e. Figure 3.20). H3K56ac is also known to be a
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TABLE 3.8: Peak calling summary of H3K9me1 and H3K56ac from two different
ChIP methods
Histone
Method
Number of peaks Average
epitope
Total
Assigned to transcripts (expression level) peak
Zero Low Mid High length (bp)
H3
Kit 63,143 95 1,134 1,003 821 1,131
Manual 78,372 107 2,004 2,815 2,103 1,377
H3K9me1
Kit 54,389 51 425 264 149 1,270
Manual 82,709 128 2,691 3,571 2,767 1,457
H3K56ac
Kit 58,514 331 18,467 25,067 20,265 1,424
Manual 52,328 78 1,194 1,392 1,183 662
TSS-associated mark in Arabidopsis (Roudier et al., 2011). Parameters were therefore
altered to use a smaller sliding window size to identify narrow peaks rather than broad
regions.
Peaks were called separately on all the sample replicates using the input libraries as
background. The top 100,000 peaks for each sample were retained and the data sets
were then combined using BedTools to identify the peaks that were present in two or
more replicates (Figure 3.21C; Table 3.8).
The chromosome-wide view of H3K9me1 and H3K56ac differs between the ChIP kit
and manual ChIP methods (see Figures 3.21A, B and C for barley chromosome 2H
and Figures A.15 - A.20 in Appendix A for barley chromosomes 1H, 3H-7H). The kit
method results in far fewer peaks of H3K9me1 in regions of gene enrichment (from
0 bp to ∼12.5 Mbp) whereas the manual ChIP method results in uniform distribution
of the mark across the chromosome. For H3K56ac, the mark is much denser in gene
rich regions in the ChIP kit data set, whereas again the manual ChIP method shows no
difference in enrichment across the chromosome. Moreover, the ChIP kit enrichments
have higher and more variable fold change values than the manual ChIP method. It’s
interesting and important to note that where there is a marked decrease in gene density
there is an increase in TE density. Distributions that are accompanied by an increase
Chapter 3. Development and optimisation of a ChIP-seq protocol to survey the barley
epigenome 126
FIGURE 3.21: Sites of enrichment for H3K9me1 and H3K57ac on barley chro-
mosome 2H from two different ChIP methods. JBrowse was used to visualise re-
gions of H3K9me1 and H3K56ac enrichment on barley chromosome 2H. Three dif-
ferent scales are shown. Yellow: transcript density; Red: TE density; Dark green:
ChIP kit H3K9me1 peak density; Green: manual ChIP H3K9me1 peak density; Dark
blue: ChIP kit H3K56ac peak density; Blue: manual ChIP H3K56ac peak density;
Black: sample read coverage; Grey: input read coverage. A: Peaks of enrichment for
H3K9me1 (green) and H3K56ac (blue) across the whole of barley chromosome 2H.
B: Peaks of enrichment for H3K9me1 (green) and H3K56ac (blue) across ∼ 50 Mbp
of chromosome 2H. C: An example region showing the read coverage for all three
replicates of ChIP kit H3K56ac and one ChIP kit input replicate. The blue boxes indi-
cate where a peak was called by CCAT. The top track shows the transcript variants for
three genes, the yellow regions show the coding sequence and the arrows indicate the
direction of transcription.
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in H3K9me1 density and a decrease in H3K56ac density (for the ChIP kit samples). I
conclude that the ChIP kit is more capable of capturing epigenomic profiles in line with
previous research than the manual ChIP method (Houben et al., 2003; Roudier et al.,
2011).
3.2.8 Comparison of H3K9me1 and H3K56ac genic profiles from
the manual and kit ChIP methods
To investigate how the different ChIP methods capture H3K9me1 and H3K56ac en-
richment within and around genes, peaks were assigned to transcripts (Table 3.8) and
average enrichment levels were calculated for zero, low, mid and high expression tran-
scripts (Figure 3.22). The difference in H3K56ac enrichment between the two different
methods is dramatic. The kit method clearly shows preferential enrichment around the
TSS with a positive correlation between enrichment and expression level. In contrast,
the manual method shows a reduction in enrichment between the TSS and transcription
end site (TES) which very little difference according to expression level.
The kit method also achieves average fold change values (relative to input DNA) above
10, whereas the manual method only reaches ∼1.6. Both methods show very low en-
richment for H3K9me1, though the shapes of the profiles differ according to the ChIP
method. The kit method shows a reduction in H3K9me1 between the TSS and TES for
low, mid and high expression genes and an increase in enrichment around the TSS and
TES for zero expression genes. The manual method shows a similar pattern for zero
expression genes and in contrast to the kit enrichments low, mid and high expression
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FIGURE 3.22: Profiles of H3K9me1 and H3K56ac in genes with different expres-
sion levels from two different ChIP methods. The mean fold change for H3K9me1
and H3K56ac across different gene expression levels was calculated from 1 kb up-
stream to 1 kb downstream. The region between the TSS and TES is relative for each
transcript. Different coloured lines indicate different expression levels.
genes show an increase around the TES. It should be noted though, the fold change
remains at < 1 for most of the transcript length showing it is depleted for the mark
compared to the input.
The start and end sites of each peak were also surveyed for H3K9me1 and H3K56ac
within 1x length of transcript upstream and downstream of enriched transcripts (Figure
3.23). The kit H3K9me1 peaks show the majority of peaks ending at the TSS and start-
ing at the TES indicating the gene body is depleted for this mark. The manual ChIP
peaks show a similar situation but there are many more peaks overall and there are a
substantial number of start sites upstream of the TSS and within the gene body indicat-
ing enrichment of that mark is preferentially within the gene body. The manual ChIP
H3K56ac peak distribution show that most of the peaks stop before the TSS or start
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FIGURE 3.23: H3K9me1 and H3K56ac positioning from two different ChIP meth-
ods. The start and end points of peaks within 1x length of transcript upstream and
downstream were counted in bins of 0.002x length of transcript. The thick lines are a
smoothing spline applied to the data in R. Red: peak start site; Blue: peak end site.
after the TES. This situation is completely different to the ChIP kit peak distribution
which shows a very strong peak start site at the TSS with a slight preference for peak
end site just after the TSS. Overall, the ChIP kit generates genic modification profiles
very similar to other species surveyed, whereas the manual method does not (Naumann
et al., 2005; Roudier et al., 2011). Taken with the superior epigenomic profiles, the
ChIP kit was deemed to be more suitable for mapping the barley epigenome and this
approach was adopted in the next Chapter for surveying 9 histone modifications.
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3.3 Discussion
3.3.1 Barley chromatin can be successfully crosslinked, sonicated
and immunoprecipitated
ChIP has been successfully applied to model plant species including Arabidopsis (Kauf-
mann et al., 2010; Villar and Ko¨hler, 2010), maize (Haring et al., 2007; Makarevitch
et al., 2013), rice (Nagaki et al., 2004) and tomato (Ricardi et al., 2010). Here I have
presented an optimised ChIP-seq protocol for barley seedlings. The crosslinking and
sonication steps have produced sheared crosslinked chromatin which has been success-
fully immunoprecipitated with antibodies raised against several modified histone tails.
3.3.2 Troubleshooting the ChIP method
Chromatin preparation - crosslinking and sonication
Crosslinking is the first step in a ChIP experiment and preserves the DNA-protein struc-
ture of chromatin. It is known that over-crosslinking results in chromatin that is harder
to shear and reverse-crosslink (Das et al., 2004). These problems were not evident with
the crosslinking procedures employed here as chromatin could be sufficiently sheared
whether the crosslinking was performed with 1% or 2% formaldehyde. Additional
known issues with excess crosslinking are a loss of material, which is not well un-
derstood, or reduced accessibility of chromatin antigens (Orlando, 2000). Protocols for
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crosslinking nucleosomal proteins usually call for 1% formaldehyde for up to 10 min-
utes under vacuum (Orlando, 2000). Longer crosslinking times can mask histone epi-
topes as nucleosome-binding proteins can remain bound to the nucleosomes (formalde-
hyde can cause protein-protein crosslinking too), making them inaccessible to Abs (Das
et al., 2004; Orlando, 2000).
Formaldehyde is a moderately denaturing agent for proteins and its use can thus have
implications for the efficacy of IP (Orlando, 2000). Additionally, under-crosslinking
results in inadequately preserved chromatin structure which would decrease the im-
munoselected DNA yield (Haring et al., 2007). It is therefore important to obtain a
balance between under- and over-crosslinking. Initially, 2% formaldehyde with 25 min
crosslinking was used to fix the seedling tissue. When immunoprecipitating the chro-
matin obtained from this tissue, the Kaufmann method failed to result in enrichment,
yet the Simpson method did. The gentler 1% formaldehyde for 10 min crosslinking
regime was subsequently adopted as chromatin crosslinked in this manner could also be
successfully immunoprecipitated and possible issues with epitope masking or protein
denaturation were avoided.
The ideal chromatin shearing regime produces DNA fragments that are bound to one
nucleosome. Such a fragment size is the highest resolution possible with ChIP-seq
(Barski et al., 2007). However, shearing by sonication produces a range of fragments
between few tens of base pairs to thousands of base pairs. Insufficient sonication results
in larger DNA fragments, broader binding peaks and ultimately lower resolution (Yam-
aguchi et al., 2014). Some protocols favour gentler DNA shearing with sonication at low
power which results in fragments between 250 and 750 bp (Haring et al., 2007). In other
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cases, more extensive sonication has been performed with success (Schoppee Bortz and
Wamhoff, 2011; Fan et al., 2008; Kidder et al., 2011). Extensive sonication leads to
shorter fragments in the mono- and di-nucleosomal range of 150-300 bp. Histone pro-
teins are also more resilient to over-sonication than transcription factors (Kidder et al.,
2011).
The final sonication regime adopted by myself resulted in fragments of roughly 100 -
500 bp which likely contained a large population of mono- and di-nucleosomal associ-
ated fragments. Moreover, the spacing of nucleosomes varies according to chromatin
environment, transcriptional status and genic feature. For example, promoters are de-
pleted for nucleosomes (Workman, 2006). Immunoselecting nucleosomes according to
histone modification status would thus be expected to pull down a range of differently
sized DNA fragments. So, even at the higher end of my fragment range (500 bp), the
resolution is still be acceptable. Maximising the number of fragments around one nucle-
osome ultimately means compromising by over- or under-sonicating some chromatin.
Chromatin immunoprecipitation
IP with an Ab raised against an epitope of interest (in this case, a number of histone
modifications) allows immunoselected DNA fractions to be isolated. qPCR analysis or
NGS of these DNAs allows identification of sites of histone modification enrichment
at the local or global scale. Performing PCR and qPCR with primer pairs specific to
genes or transposable elements was used by me as quality controls of immunoprecipi-
tates prior to NGS. Primer regions were selected based on gene expression and genome
environment. Different histone modifications have different enrichment profiles, for
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example, modifications known to associate with genes with high expression have high
levels of enrichment for H3K4me2 (a mark for gene expression; Liu et al., 2010) and
low levels of enrichment for H3K9me2 (a mark for gene repression; Roudier et al.,
2011). Histone modifications also demarcate euchromatic/heterochromatic regions of
the genome (Makarevitch et al., 2013; Yasuhara and Wakimoto, 2014).
qPCR analysis proved to be a successful, though somewhat limited, assay for quality
control of ChIP. Overall, qPCR could conclusively show whether an IP experiment had
resulted in enrichment at a single locus by calculating % input values for the tested
samples. The difficulty in using qPCR was the lack of reliable positive and negative
controls. ChIP had never been performed on barley cv. Morex seedling tissue prior
to my work and no previous data could be relied upon to provide controls. Oliver
et al. (2009) had performed a ChIP experiment on barley cultivars Sonja and Morex
showing that the epigenetic status of VRN1 changes in response to vernalisation but
the tissues used were coleoptiles. The control regions for my study were chosen based
on microarray data (Druka et al., 2006) derived from the same developmental stage in
seedlings. Constitutively expressed or repressed genes were selected for use, as were
TEs, as they have predictable histone modification statuses.
In all my PCR and qPCR assays TE primer pairs amplified more product than the gene
primer pairs. This greater production of TE PCR products can be explained by the fact
that TEs are much more abundant in the barley genome than the single copy genes used.
There are 13.7 x 103 copies of BARE-1 (Manninen and Schulman, 1993), approximately
7,000 copies of the Cassandra retroelement (Kalendar et al., 2008) and 50 copies of the
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DNA TE Hordeum Mutator (Wei et al., 2002) consistent with the qPCR results (i.e.
lower C(t) values for TEs than genes).
A number of IP methods were trialled. One of the methods, the Kaufmann method,
failed to result in enrichment of DNA. To troubleshoot this protocol, IP was performed
with anti-H3 Ab and recombinant human H3.3. This commercially produced protein
was used to troubleshoot the IP as the protein is purified, at a known concentration and
the lengthy crosslinking, sonication and reverse crosslinking steps could be bypassed.
SDS-PAGE followed by western blotting was used to assay the protein fraction in the
immunoprecipitates. The results showed that there was a binding problem between the
chromatin and Abs. Protein A and anti-H3 were readily detectable whereas H3 was not.
In contrast to the Kaufmann method, the Simpson and kit methods resulted in chromatin
enrichment by IP. Comparing the Kaufmann and Simpson buffers revealed that at the
point of sonication the the Kaufmann buffer did not contain SDS, whereas the Simpson
buffer contained SDS at a concentration of 1%. The presence of SDS during sonica-
tion is considered important for disrupting protein-protein and protein-DNA complexes
thereby exposing Ab epitopes and improving IP (Kidder et al., 2011). However, chro-
matin sonicated using the Kaufmann method could be successfully immunoprecipitated
using the Simpson method. Consideration of the IP buffers revealed the Kaufmann
buffer contained 0.025% SDS and the Simpson buffer contained 0.2% SDS. It is possi-
ble this ten-fold difference in SDS resulted in a drastic reduction of Ab-antigen binding.
It would be possible to test this by trialling an SDS-containing IP buffer with the Kauf-
mann method.
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The Simpson IP method resulted in enrichment for all but one of the Abs tested. How-
ever, when enrichment could be achieved the qPCR profiles were very similar. We
hypothesised that this could be due to a number reasons. Firstly, the IP was working
non-specifically due to the IP incubation time and/or the order of addition of reagents
(protein A, Abs, chromatin). Experiments were performed to test this and changing IP
conditions did little to improve the modification profiles (Figure 3.10). Secondly, the
resolution of the ChIP experiment was too low due to inadequate sonication resulting in
too many large fragments of chromatin. The larger the chromatin fragment the greater
the number of bound histones which could be modified in various ways. A number of
Abs would thus be able to pull down the same fragment. Adopting high power soni-
cation only marginally improved the situation (Figure 3.13). Thirdly, there could have
been possible cross-reactivity of Abs resulting in different Abs recognising the same
antigen. However, cross-reactivity data from the Ab manufacturers and from the An-
tibody Validation Database (Egelhofer et al., 2011) show minimal cross-reactivity of
tested Abs. Moreover, the same Abs exhibited distinct enrichment profiles from the
ChIP kit (Figure 3.17). Finally, it was possible that the IP was working fine and was ac-
curately reflecting the enrichment for the tested regions which just happened to be simi-
lar. However, the ChIP kit method obtained different, more specific enrichment profiles
for the tested regions. Distinct profiles could be generated for the histone modifica-
tions H3K9me1 and H3K56ac in line with expected results from work in other systems
(Naumann et al., 2005; Roudier et al., 2011), showing that the homogeneity of profiles
generated from the Simpson method does not necessarily reflect the true modification
status of the tested regions. This is discussed further in Section 3.3.5.
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3.3.3 NGS reads could be successfully mapped to a custom assem-
bly of the barley Morex v3 genome using Bowtie2 or STAR
Peak callers have been designed to identify regions of enrichment for reads mapped to
reference sequences. Currently, the barley Morex v3 genome (IBGSC, 2012) exists as
∼2.7 million contigs with location information provided by genetic maps (Comadran
et al., 2012; Mascher et al., 2013). All the peak callers tested by me failed because of the
fragmented sequences and it was necessary for me to assemble the contigs into a pseu-
dogenome (see Chapter 2). This methodology enabled peak enrichment identification
to be performed.
Two read mappers were trialled by me, Bowtie2 (Langmead and Salzberg, 2012) and
STAR (Dobin et al., 2013). Both programs mapped ∼94% of a test subset of reads
within ≤10 bp of each other. The average length of the paired-end reads mapped by
STAR was 165 bp for the manual ChIP samples, and 145 bp for the ChIP kit samples.
The kit samples therefore needed extensive clipping to be successfully mapped. Both
methods used the same shearing conditions and immunoselected DNAs were prepared
for sequencing, including size selection, in the same way. The major difference between
the methods was the IP step. It is therefore possible that differences in the IP chemistry
result in distinct preferences based on chromatin fragment length. This is only specula-
tion and further examination of the immunoselected chromatin fragments could resolve
this issue. Regardless of this, sequencing DNA fragments shorter than the read length
results in ”adapter read-through” whereby part of the adapter is sequenced, contaminat-
ing the read (Bolger et al., 2014). STAR employs soft clipping and adaptor trimming
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and was therefore well suited to mapping reads requiring trimming, this is reflected in
higher ChIP kit read mapping rates by STAR than Bowtie2 (Table 3.4).
STAR was ultimately chosen by me for read mapping as it is extraordinarily fast. Multi-
mappable secondary reads needed to be removed after the mapping run and fortunately,
STAR flags the best alignment, making this a simple operation. PCR duplicates were
also removed, which led to substantial loss of reads in some samples, particularly some
ChIP kit samples. This likely reflects the inherent low capacity of this capture method
which necessitates extra rounds of PCR undertaken at the library amplification stage to
boost low DNA yields after IP.
3.3.4 CCAT is an efficient peak caller for finding regions of histone
modification enrichment in the barley genome
Different peak finding algorithms identify peaks differently and consensus has not yet
been reached on the best approach for identifying peaks in histone modification studies
(Pepke et al., 2009). I trialled three peak identification algorithms (CCAT, FindPeaks
and SISSRS [Fejes et al., 2008; Jothi et al., 2008; Xu et al., 2010]). My qPCR analyses
show that CCAT called modified histone peaks most accurately. SISSRS has the lowest
rate of accurate peak calling, probably because it was designed to identify transcription
factor binding regions, which are small and rare. FindPeaks identified more enriched
regions than the other two peak callers, yet had an accuracy rate 24% lower than CCAT.
This suggests possible high rates of false positives/negatives in the FindPeaks data set
and CCAT was ultimately chosen for peak calling.
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Following my adoption of CCAT as the optimal peak caller, I generated a robust peak
set by combining peak data from three biological replicates. Guidelines from the EN-
CODE project (Landt et al., 2012) state that two biological replicates are the minimum
required for a robust ChIP-seq study, but Yang et al. (2014) have found that at least three
replicates are needed to accurately call reliable peaks. Integrating three NGS data sets
into one combined peak data set is not an easy task. There is no peak calling algorithm
capable of integrating multiple data sets or even accepted standard procedures to handle
replicate ChIP-seq data sets (Yang et al., 2014). The possible options for integrating
multiple peak data sets range from physically pooling biological replicates prior to se-
quencing, combining replicates after sequencing or after the peak calling stage (Yang
et al., 2014). I have used the last of these approaches for the following reasons. DNA
libraries were not pooled prior to sequencing so as not to lose control of any variation
in the experiment. Additionally, my samples had separate input DNA samples. Peaks
are called against the input sample (the signal background) and to avoid false positive
and false negatives, samples should be compared against their own corresponding back-
grounds only. Combining replicates after sequencing but prior to mapping would suffer
from loss of experimental variation also has the added problem that identical reads from
different samples will be erroneously removed as PCR duplicates.
3.3.5 The ChIP kit method outperforms the manual ChIP method
Comparison of the ChIP enrichment data at the gene level revealed that peaks identified
in the manual and kit samples had very different characteristics. The gene profiles of
H3K9me1 and H3K56ac generated from the ChIP kit data more closely mirrored those
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of other species (Roudier et al., 2011; Sims et al., 2006; Tanurdzic et al., 2008). For
instance, ChIP kit H3K56ac was heavily enriched around the TSS, with the enrichment
increasing with increasing gene expression. The manual ChIP method on the other hand
showed marginal increase in enrichment for H3K56ac at the TSS and TES for all genes,
with zero expression genes showing the highest enrichment. H3K9me1 was found to
be depleted in the gene body of high, mid and low expression genes and increased in
zero expression genes for the ChIP kit data. Conversely, the manual ChIP enrichment
showed a small increase around the TSS, with zero expression genes showing peaks
around the TSS and TES. These data strongly suggest that the ChIP kit yields accurate
profiles whereas the manual method does not.
The kit and manual methods also produced different chromosomal distribution patterns.
The manual method yielded uniform chromosomal distribution of both H3K9me1 and
H3K56ac. Conversely, the kit method showed an increase in H3K56ac density and a
decrease in H3K9me1 in the chromosome arms, in line with previous findings (Fuchs
et al., 2006; Houben et al., 2003; Roudier et al., 2011; Shi and Dawe, 2006). Taken with
the genic distribution, these epigenomic data demonstrate beyond reasonable doubt that
the kit method yields accurate ChIP peak data.
3.3.6 Conclusion
In this Chapter multiple ChIP approaches were explored. Problems were identified with
several manual methods and the optimal method chosen was the Abcam ChIP kit. An
informatics pipeline for ChIP-seq read processing and mapping was developed. Three
peak calling programs were trialled and the best one for my purposes was selected.
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Strategies for combining peak data into robust called peaks were developed. The opti-
mised ChIP-seq pipeline yielded credible peak data for two histone modifications that
have been explored previously in other systems.
3.4 Methods
Work was carried out by myself unless otherwise stated.
3.4.1 Plant material
H. vulgare cv. Morex seeds were sterilised with 1% (w/v) bleach before being sown
on filter paper in a 10 cm Petri dish with 2 ml sterile distilled water and grown for ∼10
days at room temperature. When the seedlings had leaflets 10 cm long the material from
∼6 whole seedling individuals (equal to 1 g) were taken and pooled for use in ChIP.
3.4.2 Crosslinking and nuclei isolation
Crosslinking was trialled with four methods, detailed in the following subsections. The
reverse crosslinking method is also given as when testing crosslinking and shearing
conditions the chromatin was reverse crosslinked without undergoing IP.
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Haring method
This method is described in Haring et al. (2007) but will be summarised here. 1 g plant
material was submerged in 30 ml 4 ◦C Isolation buffer A (10 mM Tris pH 8.0, 400
mM sucrose, 10 mM Na-butyrate, 0-3% w/v formaldehyde, 0.1 mM PMSF, 5 mM β-
mercaptoethanol) in a 50 ml falcon tube. Final concentrations of formaldehyde were
achieved by adding 0, 0.81, 1.62 and 2.43 ml to Isolation buffer A respectively for
concentrations of 0%, 1%, 2% and 3%. Crosslinking was then performed by vacuum
infiltrating the plant material for 10 min in a vacuum chamber at room temperature. 2.5
ml 2 M glycine was added to each 50 ml falcon tube and mixed carefully to quench the
crosslinking reaction. Vacuum infiltration was then performed for an additional 5 min
at room temperature. The tissue was washed three times with plenty of water, and dried
carefully between paper towels.
For the isolation of chromatin, the fixed tissue was ground to a fine powder in liquid
nitrogen and incubated for 30 min at 4 ◦C in 30 ml ice-cold Isolation buffer B (10
mM Tris pH 8.0, 400 mM sucrose, 10 mM Na-butyrate, 0.1 mM PMSF, 5 mM β-
mercaptoethanol, Complete protease inhibitors [Roche, Cat. No. 4693116001; 1 tablet
dissolved in 50 ml Isolation buffer B]). The solution was filtered through four layers
of Miracloth (Merck, Cat. No. 475855) into a fresh 50 ml placed on ice. The filtered
solution was centrifuged at 3000 g at 4 ◦C for 20 min. The supernatant was discarded
and the pellet was resuspended in a 1.5 ml tube in 1 ml of ice-cold Isolation buffer C (10
mM Tris pH 8.0, 250 mM sucrose, 10 mM Na-butyrate, 10 mM MgCl2, 1% v/v Triton
X-100, 0.1 mM PMSF, 5 mM β-mercaptoethanol, Complete Mini protease inhibitors
[Roche, Cat. No. 4693124001; 1 tablet dissolved in 10 ml Isolation buffer C]). The
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tube was centrifuged at 12,000 g for 10 min at 4 ◦C. The pellet was resuspended in 300
µl ice-cold Isolation buffer D (10 mM Tris pH 8.0, 1.7 M sucrose, 10 mM Na-butyrate,
2 mM MgCl2, 0.15% v/v Triton X-100, 0.1 mM PMSF, 5 mM β-mercaptoethanol,
Complete Mini protease inhibitors [1 tablet dissolved in 10 ml Nuclei isolation buffer]).
1.5 ml of ice-cold Isolation buffer D was added to a new 2 ml tube and layered with the
nuclei suspension. This tube was centrifuged for 1 hr at 12,000 g at 4 ◦C. The pellet
was resuspended in 320 µl ice-cold Nuclei isolation buffer (50 mM Tris pH 8.0, 10
mM EDTA, 0.4% w/v SDS, 0.1 mM PMSF, Complete Mini protease inhibitors [1 tablet
dissolved in 10 ml Nuclei isolation buffer]).
For reversing the crosslinks, 55 µl of the nuclei suspension was diluted in 100 µl TE
buffer (10 mM Tris pH 8.0, 1 mM EDTA), 6.5 µl 5 M NaCl and 8 µl 20% SDS and
incubated at 65 ◦C in a water bath overnight.
Kaufmann method
This method is described in Kaufmann et al. (2010) but will be summarised here. 1 g
plant material was submerged in 30 ml 4 ◦C MC buffer (10 mM sodium phosphate, pH
7, 0-3% w/v formaldehyde, 50 mM NaCl and 0.1 M sucrose). Vacuum infiltration was
performed as before for 30 min in an vacuum chamber on ice. 2.5 ml 2 M glycine was
added to each 50 ml falcon tube and mixed carefully to quench the crosslinking reac-
tion. Vacuum infiltration was performed for an additional 2 min at room temperature.
The tissue was washed three times with MC buffer, and dried carefully between paper
towels.
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For the isolation of chromatin, the tissue was ground in liquid nitrogen and added to
20 ml M1 buffer (10 mM sodium phosphate pH 7, 0.1 M NaCl, 1 M 2-methyl 2,4-
pentanediol, 10 mM β-mercaptoethanol and Complete protease inhibitors [1 tablet dis-
solved in 50 ml M1 buffer]). The solution was filtered through four layers of Mira-
cloth into a fresh 50 ml placed on ice. The filtered solution was centrifuged at 1000
g at 4 ◦C for 10 min. The nuclear pellet was washed 5 times with 5 ml of M2 buffer
(10 mM sodium phosphate pH 7, 0.1 M NaCl, 1 M 2-methyl 2,4-pentanediol, 10 mM
β-mercaptoethanol and Complete protease inhibitors [1 tablet dissolved in 50 ml M2
buffer], 10 mM MgCl2 and 0.5% Triton X-100) and centrifuged for 10 min at 4 ◦C at
1000 g. The pellet was then washed once with M3 buffer (10 mM sodium phosphate pH
7, 0.1 M NaCl, 10 mM β-mercaptoethanol and Complete protease inhibitors [1 tablet
dissolved in 50 ml M1 buffer]) and centrifuged for 10 min at 4 ◦C at 1000 g. The pellet
was resuspended in 1 ml Sonic buffer (10 mM sodium phosphate, pH 7, 0.1 M NaCl,
0.5% Sarkosyl, 10 mM EDTA, Complete Mini protease inhibitors [1 tablet dissolved in
10 ml Sonic buffer]).
For reversing the crosslinks, Proteinase K (final concentration 0.5 mg/ml) was added
to the chromatin solution and incubated overnight at 37 ◦C. An additional 0.5 mg/ml
Proteinase K was added and incubated for a further 6 hours at 65 ◦C.
Oliver method
This method is described in Oliver et al. (2009) but will be summarised here. 1 g plant
material was submerged in buffer containing 0.4 M sucrose, 10 mM Tris (pH 8), 1 mM
EDTA, 1 mM PMSF, and 0-3% w/v formaldehyde. Vacuum infiltration and quenching
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of the crosslinking reaction was performed the same as for the Oliver method. Following
this, the material was briefly rinsed in water, dried between paper towels and frozen in
liquid nitrogen.
For the isolation of chromatin, the tissue was ground in liquid nitrogen and added to
30 ml lysis buffer (50 mM HEPES [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1% Tri-
ton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 1 mM PMSF) containing 100 µl of
Complete Mini protease inhibitors (1 tablet dissolved in 1 ml lysis buffer). Additional
steps were performed at this point. The solution was filtered through four layers of Mir-
acloth and then centrifuged at 3000 g at 4 ◦C for 20 min. The pellet was resuspended
in a 1.5ml tube with 1 ml of Extraction buffer 1 (10 mM Tris pH 8.0, 250 mM su-
crose, 10 mM MgCl2, 1% v/v Triton X-100, 0.1 mM PMSF, 5 mM β-mercaptoethanol,
Complete Mini protease inhibitors [1 tablet dissolved in 10 ml Extraction buffer 1]) and
centrifuged at 12,000 g for 10 min at 4 ◦C. The pellet was resuspended in 300 µl Haring
ice-cold Extraction buffer 2 (10 mM Tris pH 8.0, 1.7 M sucrose, 2 mM MgCl2, 0.15%
v/v Triton X-100, 0.1 mM PMSF, 5 mM β-mercaptoethanol, Complete Mini protease
inhibitors [1 tablet dissolved in 10 ml Extraction buffer 1]). This tube was centrifuged
for 1 hr at 12,000 g at 4 ◦C. The pellet was resuspended in 300 µl ice-cold Nuclei isola-
tion buffer (50 mM Tris pH 8.0, 10 mM EDTA, 1% w/v SDS, Complete Mini protease
inhibitors [1 tablet dissolved in 10 ml Nuclei isolation buffer]).
For reversing the crosslinks, 6 µl 5 M NaCl was added to 150 µl of the nuclei suspension
and incubated at 65 ◦C in a water bath overnight. 7.5 µl 0.2 M EDTA, 6 µl 1M Tris (pH
6.5) and 0.6 µl 10 mg/ml Proteinase K was added to the suspension and incubated at 45
◦C in a water bath for 1 hr.
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Simpson method
This method was developed in Gordon Simpson’s lab at the University of Dundee and
was communicated to me by Celine Duc. The method can be found in Terzi and Simp-
son (2009) but will be summarised here. 1 g plant material was submerged in 1% w/v
formaldehyde and vacuum infiltrated for 15 min as before. Fixation was stopped us-
ing 0.125 M glycine under vacuum for 5 min. The tissue was washed three times with
plenty of water, and dried carefully between paper towels.
For the isolation of chromatin, the tissue was ground in liquid nitrogen and added to 30
ml of Honda buffer (20 mM HEPES KOH pH 7.4, 10 mM MgCl2, 440 mM sucrose,
1.25% Ficoll, 2.5% Dextran T40, 0.5% Triton X-100, 5 mM DTT, 1 mM PMSF and 1%
plant protease inhibitors [Protease inhibitor cocktail, Sigma-Aldrich Cat. No. P9599])
and immediately vortexed for 30 sec. The solution was filtered twice through two layers
of Miracloth to remove plant debris before centrifugation at 4 ◦C for 15 min at 3000 g.
The pellet was resuspended in 1 ml of Honda buffer, transferred to a lo-bind 1.5 ml
Eppendorf tube and was centrifuged at 4 ◦C for 15 min at 1500 g. this step was repeated
once. The resulting pellet was resuspended in 500 µl of nuclei lysis buffer (50 mM
Tris-HCl pH 8.0, 10 mM EDTA pH 8.0, 1% SDS, 1 mM PMSF and 1% plant protease
inhibitors).
For reversing the crosslinks, 100 µl 10% CHELEX 100 bead solution (Biorad, Cat.
No. 1421253) was added to the chromatin solution and heated to 99 ◦C for 10 min in
a heating block. The samples were given a brief spin and 2 µl 10 mg/ml Proteinase
K (final concentration: 0.5 mg/ml) was added to each sample. The samples were then
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heated at 43 ◦C for 1 hour with interval shaking (10 seconds at 900 rpm). Finally, the
samples were heated at 95 ◦C for 10 minutes. The solution was then centrifuged at
12,000 g for 1 min and the supernatant was transferred to a fresh tube.
3.4.3 Sonication of chromatin
Initial sonication optimisation was performed using a Diagenode Bioruptor Plus (Cat.
No. UCD-300) at 4 ◦C using 16 different conditions at low power (Table 3.9). Later on
in the optimisation process, low and high power settings were compared for one condi-
tion, 10 cycles of 30 second pulse and 60 second cooling. In every case, sonication was
performed on crosslinked chromatin with the whole sample in one 1.5 ml Eppendorf
tube. An aliquot of 5 µl chromatin was taken before and after sonication for agarose gel
electrophoresis analysis.
TABLE 3.9: Trial of sonication conditions.
Number of pulses Pulse time (s) Cooling time (s) Total time (m)
1 5 15 30 3:45
2 5 15 60 6:15
3 5 30 30 5:00
4 5 30 60 7:30
5 15 15 30 11:15
6 15 15 60 18:45
7 15 30 30 15:00
8 15 30 60 22:30
9 25 15 30 18:45
10 25 15 60 31:15
11 25 30 30 25:00
12 25 30 60 37:30
13 35 15 30 26:15
14 35 15 60 43:45
15 35 30 30 35:00
16 35 30 60 52:30
Chapter 3. Development and optimisation of a ChIP-seq protocol to survey the barley
epigenome 147
3.4.4 Chromatin immunoprecipitation, reverse crosslinking and DNA
purification
Kaufmann ChIP protocol
This method is described in Kaufmann et al. (2010) but will be summarised here. Fol-
lowing crosslinking, extraction of nuclei and sonication the chromatin sample was cen-
trifuged at 4 ◦C for 10 min at 12,000 g. The supernatant was transferred to a new 2 ml
lo-bind Eppendorf tube and centrifuged at 4 ◦C for 8 min at 12,000 g. The resulting
supernatant was transferred to a new 2 ml lo-bind Eppendorf tube and an equal volume
of IP buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 5 mM MgCl2, 10 µM ZnSO4, 1%
Triton X-100 and 0.05% SDS) was added to the chromatin solution. 120 µl was set
aside as the input DNA aliquot.
Chromatin was precleared by adding 6.6 µl pre-immune serum (Sigma-Aldrich, Cat.
No. R9133) and incubating for 50 min at 4 ◦C with constant rotation. This solution
was then centrifuged at 4 ◦C for 10 min at 12,000 g and the supernatant was transferred
to a new 2 ml lo-bind Eppendorf tube. 80 µl protein A agarose beads (33% slurry;
Merck, Cat. No. IP02-1.5ml) were added to the chromatin and incubated for 1 hr at 4
◦C with constant rotation. This was then centrifuged for 5 min at 3,800 g at 4 ◦C. The
supernatant was transferred to a new 2 ml lo-bind Eppendorf tube and centrifuged for
10 min at 12,000 g at 4 ◦C.
The supernatant was divided equally between two 2 ml lo-bind Eppendorf tubes, one
serving as the IP sample and the other as the negative control (the mock IP). 4 µl purified
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1 µg/µl Ab (see Table 3.10 for details of Abs used) was added the IP sample and 4 µl
pre-immune serum was added to the mock IP sample. The solutions were incubated for
1 hr at 4 ◦C with constant rotation. The tubes were centrifuged for 5 min at 12,000 g at
4 ◦C and the supernatant was transferred to a new 2 ml lo-bind Eppendorf tube. 40 µl
protein A beads (33% slurry) were added to each tube and incubated for 50 min at 4 ◦C
with constant rotation. The tubes were then centrifuged for 5 min at 3,800 g at 4 ◦C and
the supernatant was discarded.
TABLE 3.10: Details of antibodies used for ChIP.
Targeted epitope Clonality Manufacturer Product code Lot number
H3 Polyclonal Abcam ab1791 GR81366-1
H3K4me3 Polyclonal Active Motif 39159 01609004
H3K9ac Polyclonal Active Motif 39137 01008001
H3K9me1 Polyclonal Abcam ab8896 GR52205-1
H3K9me2* Monoclonal Abcam ab1220 GR38973
H3K9me3 Polyclonal Millipore 07-442 JBC1865906
H3K27me1 Polyclonal Millipore 07-448 DAM1661077
H3K27me2 Polyclonal Millipore 07-452 JBC1870071
H3K27me3 Polyclonal Millipore 07-449 JBC1873477
H3K36me3 Polyclonal Abcam ab9050 GR20245-2
H3K56ac Polyclonal Active Motif 39281 16908001
* Anti-H3K9me2 from Abcam is a mouse-derived Ab which was found to be inefficient in ChIP (Figure
3.14; Figure 3.15) so was not used in further experiments. All other Abs are derived from rabbit.
The beads were washed 5 times with 1 ml IP buffer for 8 min at room temperature with
constant rotation. After the IP buffer was added for the first time the beads and buffer
were transferred to a new 1.5 ml lo-bind Eppendorf tube. The beads were recovered
between washes by centrifuging for 2 min at 3,800 g at room temperature. The protein-
DNA complexes were eluted from the beads by adding 100 µl cold Elution buffer (0.1
M glycine, 0.5 M NaCl, 0.05% Tween-20, adjusted to pH 2.8 with HCl) and incubating
for 1 min at 37 ◦C whilst shaking vigorously. The tube was then centrifuged for 1
min 12,000 g and the supernatant (eluate) was transferred to a new 1.5 ml safelock
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Eppendorf tube. 50 µl 1 M Tris pH 9.0 was added to neutralise the solution. This step
was repeated twice more, followed by incubation for 4 min at 37 ◦C. The eluate was
centrifuged for 2 min at 12,000 g and the supernatant was transferred to a new 2 ml
safelock Eppendorf tube.
Proteinase K was added to the eluate to a final concentration of 0.5 ml/mg and incubated
overnight at 37 ◦C. At this point the input sample had 230 µl TE added to it to reach the
same volume as the other samples and Proteinase K was added to the input solution to
a final concentration of 0.5 ml/mg and incubated overnight at 37 ◦C. A second aliquot
of Proteinase K (final concentration of 0.5 ml/mg) was added and the solutions were
incubated at 65 ◦C for 6 hr to reverse crosslinking.
DNA was precipitated in 2x volume of 100% ethanol and 0.3M NaOAc overnight at -20
◦C. The solution was then centrifuged for 30 min at 12,000 g at 4 ◦C. The DNA pellet
was resuspended in 100 µl molecular biology grade water (VWR, Cat. No. 445847D).
DNA was purified using Qiagen PCR purification columns (Cat. No. 28104) and eluted
in 35 µl elution buffer. DNA was then used in PCR or qPCR.
Simpson ChIP protocol
ChIP was performed by myself (testing ∼50% of the Abs) and Nicki Cook (testing
∼50% of the Abs). This method was developed in Gordon Simpson’s lab at the Uni-
versity of Dundee and was communicated to me by Celine Duc. The method can be
found in Terzi and Simpson (2009) and is summarised here. Following crosslinking,
extraction of nuclei and sonication the chromatin sample was centrifuged at 4 ◦C for 10
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min at 12,000 g. The supernatant was transferred to a lo-bind 1.5 ml Eppendorf tube
and stored on ice. A 1 µl aliquot was taken as the input sample and 99 µl 10% CHELEX
100 was added. The remaining supernatant was aliquoted into 100 µl separate samples
in separate 1.5 ml lo-bind Eppendorf tubes. 900 µl ChIP Dilution buffer (16.7 mM Tris-
HCl pH 8.0, 1.2 mM EDTA pH 8.0, 167 mM NaCl and 1.1% Triton X-100) was added
to each aliquot to make the final chromatin solution volume equal to 1 ml.
300 µl protein A bound Dynabeads (Invitrogen, Cat. No. 100-01D) were put in a 1.5
ml lo-bind tube and washed three times with 1 ml Beads Washing buffer (20 mM Tris-
HCl pH 8.0, 150 mM NaCl, 2 mM EDTA pH 8.0, 1% Triton X-100, 0.1% SDS and
1 mM PMSF) by vigorously shaking by hand. A magnetic stand was used to retain
the magenetic Dynabeads whilst the supernatant was removed between washes. The
supernatant of the final wash was removed and 1 ml Beads Washing buffer was added
to the beads. The solution was shaken to allow equal distribution of beads and then
aliquoted into five 200 µl samples in separate lo-bind 1.5 ml Eppendorf tubes. The
volume of each tube was made up to 1 ml with Beads Washing buffer and 6 µl Ab
(Table 3.10) or pre-immune serum was added to each tube. The tubes were incubated
for 10 min at 4 ◦C with constant rotation. The beads were then washed three times with
Beads Washing buffer. The final supernatant was removed and 550 µl Beads Washing
buffer was added to the beads. 100 µl of this suspension was added to each 1 ml diluted
chromatin aliquot. The samples were then incubated overnight at 4 ◦C with constant
rotation.
The beads were then washed by placing the tubes in a magnetic rack, removing the
supernatant and adding 1 ml of Beads Washing buffer. The beads were incubated for
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5 min at 4 ◦C with constant rotation and then the supernatant was removed whilst the
tubes were in the magnetic rack. This step was repeated four more times and then 1 ml
TE was added and incubated for 5 min at 4 ◦C with constant rotation. The supernatant
was then removed whilst the tubes were in the magnetic rack. This wash step was
repeated once more and the supernatant was removed. 100 µl 10% CHELEX 100 was
added to the IP samples and along with the input sample were incubated at 99 ◦C for 10
min in a heating block. The samples were spun briefly and then 2 µl Proteinase K (0.5
mg/ml final concentration) was added to the IP and input samples. The samples were
incubated at 43 ◦C for 1 hr with 10 second intervals of 900 rpm shaking. Following this
the samples were incubated at 95 ◦C for 10 min. The samples were spun briefly and the
tubes were placed in a magnetic stand. 100 µl supernatant (including CHELEX) were
transferred to fresh lo-bind 1.5 ml Eppendorf tubes. These tubes were then centrifuged
1 min at 12,000 g. 70 µl supernatant (excluding CHELEX) was transferred to fresh lo-
bind 1.5 ml Eppendorf tubes. The samples were diluted 1:2 in molecular biology grade
water and used in qPCR and/or Illumina library preparation.
ChIP Kit protocol
ChIP was performed by myself (testing ∼30% of the Abs) and Nicki Cook (testing
∼70% of the Abs). ChIP was performed using an Abcam EpiSeeker Plant Kit (Cat
No. ab117137) following manufacturer’s instructions, briefly recounted here. 1g of
plant material was crosslinked on ice under vacuum with 1% formaldehyde for 15 min.
The crosslinking reaction was quenched by the addition of 0.125 M glycine and the
vacuum was reapplied for a further 5 min. The tissue was rinsed four times with ice
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cold sterile distilled water and dried between layers of paper towel. The material was
ground in liquid nitrogen and added to 20 ml Lysis buffer I, vortexed and placed on
ice. The solution was filtered through two layers of Miracloth and centrifuged for 20
min at 2,000 g at 4 ◦C. The pellet was resuspended in 1 ml Lysis buffer II and was then
centrifuged for 10 min at 12,000 g at 4 ◦C. The pellet was resuspended in 300 µl Lysis
buffer III, layered over an additional 300 µl Lysis buffer III and centrifuged for 45 min
at 12,000 g at 4 ◦C. The pellet was resuspended in 500 µl Lysis buffer IV containing
protease inhibitor cocktail (10 µl to each 1 ml of Lysis buffer IV).
The chromatin was then sheared by sonication at high power with 10 cycles of 30s/60s
pulse/cooling time at 4 ◦C. 5 µl aliquots were taken before and after sonication for
agarose gel electrophoresis analysis of shearing. The chromatin solution was then cen-
trifuged for 10 min at 12,000 g at 4 ◦C. The supernatant was transferred to a new 1.5 ml
Eppendorf tube and diluted 1:1 with ChIP Dilution buffer. 5 µl solution was removed
at this point as the input DNA sample and stored on ice.
IP was performed in well format, with protein A bound to the walls of the wells. The
wells were prepared by washing once with 150 µl Wash buffer. 100 µl Antibody buffer
was added to each well and 3 µl purified Ab (Table 3.10) or pre-immune serum was then
added. The strip wells were covered with Parafilm and incubated at room temperature
for 90 min. Following incubation, the solution was removed and the wells were washed
three times with Antibody buffer by pipetting in and out leaving the walls coated with
the Ab of interest.
100 µl of the diluted chromatin sample was added to each well. The wells were covered
with Parafilm and incubated at room temperature for 90 min on an orbital shaker (70
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rpm). Following incubation, the supernatant was removed and the wells were washed
six times with 150 µl Wash buffer. Two minutes on the orbital shaker (70 rpm) was
allowed for each wash. One final wash was performed with 150 µl TE buffer.
For reversing the crosslinks, 40 µl DNA Release buffer with 1 µl Proteinase K was
added to each well and also the input sample. The wells were covered with strip caps
and incubated alongside the input sample at 65 ◦C in a water bath for 15 min. 40 µl
Reverse buffer was added to the IP and input samples and mixed. The wells were re-
covered and incubated alongside the input sample for a further 90 min at 65 ◦C. 150
µl Binding buffer was added to the samples and they were transferred to spin columns.
The columns were centrifuged for 20 seconds at 12,000 g. 200 µl 70% ethanol was
added to the column and centrifuged for 15 seconds at 12,000 g. The flowthrough was
discarded and an additional 200 µl 90% ethanol was added to the column. The columns
were then centrifuged for 20 seconds at 12,000 g. The flowthrough was again discarded
and the column washed again with 200 µl 90% ethanol followed by centrifugation for
35 seconds at 12,000 g. The column was placed in a new 1.5 ml Eppendorf tube and
15 µl Elution buffer was added to the filter in the column before centrifuging for 20
seconds at 12,000 g. The eluted DNA was then used in qPCR and/or Illumina library
preparation.
3.4.5 PCR/qPCR quality control of immunoselected chromatin
Primer design and PCR/qPCR was performed by myself (∼50%) and Nicki Cook (∼50%).
Primers were designed using Primer3 (Koressaar and Remm, 2007) that correspond to
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genes with different gene expression levels and genomic locations and also transposable
elements (detailed in Table 3.11). Nicki Cook optimised the primers for qPCR.
TABLE 3.11: Details of primer pairs used in PCR and qPCR. Eu: euchromatic;
Het: heterochromatic; Hi: high expression; Lo: low expression.
Name Accession
number*
Gene/TE annotation Mean
expression
Primer
name
Primer sequences (5’→ 3’) Product
size
Eu-Hi U32 76 Fructokinase 10661
Eu-Hi F CCATGAAGGTTGCCAAAGA
142
Eu-Hi R ACCTCGCTGACCTTGACAAT
Eu-Lo U35 3907
Receptor-like
50
Eu-Lo F GCCTGATCCTGCATCTGTTA
125
kinase Eu-Lo R CCTTCTGCTTCAGTCGTTGA
Het-Hi U32 2231 Peroxiredoxin 3761
Het-Hi F GGGTGGTTCGACGAGAAC
84
Het-Hi R GACGCCGAAGAGGATGAC
Het-Lo U32 6491
Ubiquitin-
253
Het-Lo F TGCACAGAAAGTTCATTTCCAT
132
conjugating enzyme Het-Lo R GAATTTGACTTGCCCCACTT
BARE-1 Z17327
BARE-1
N/A
BARE F TACAACATGCAAGGGGTGAA
57
retrotransposon BARE R GACTTTCAGCATCGCAAACA
Cass AY164585
Cassandra
N/A
Cass F GACAGGTGTGCGGTCATG
90
retrotransposon Cass R AAACGTCTGTGCATCCAGTC
Hormu AY661558
Hormu
N/A
Hormu F TCTGATTGGTTTCCCTGTCA
143
DNA transposon Hormu R GAGTCCCCCTGTTAGCAACT
* Accession numbers for genes are Harvest v32/35 Unigenes references and GenBank references for
TEs.
For PCR of immunoselected DNA, the 10 µl reaction mix used consisted of 1.0 µl
template DNA, 1 µl 2 mM dNTPs (final concentration of 0.2 mM), 1 µl 10x PCR buffer,
0.1 µl 100 µM forward primer (final concentration of 1 µM), 0.1 µl 100 µM reverse
primer (final concentration of 1 µM), 0.1 µl HotStarTaq (Qiagen, Cat. No. 203203)
and 6.7 nuclease-free water. The PCR program consisted of: 94 ◦C for 5 min; then 30
cycles of 94 ◦C for 30 s; 60 ◦C for 30 s; 72 ◦C for 30 s; finally, 72 ◦C for 5 min.
For qPCR of immunoselected DNA, Maxima SYBR Green/ROX qPCR Master Mix
(Thermo Scientific, Cat. No. K0222) was used. The 25 µl reaction mix consisted of
1.0 µ template DNA, 12.5 µl SYBR Green master mix, 7.0 µl nuclease-free water, 2.25
µl forward primer and 2.25 µl reverse primer. The final concentrations optimised for
qPCR were 900 nM (for both forward and reverse primers) for Eu-Lo, Het-Lo, Cass
and Hormu. The final primer concentration was 600 nM (for both forward and reverse
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primers) for Eu-Hi. The qPCR program consisted of: 95 ◦C for 15 min; then 40 cycles
of 95 ◦C for 15 s, 60 ◦C for 30 s, 72 ◦C for 30 s.
3.4.6 Protein analyses
Immunoprecipitation of human recombinant H3.3 protein
IP was performed with human recombinant H3.3 protein (New England Biolabs, Cat.
No. M2507) following the Kaufmann method. The crosslinking, nuclei extraction and
sonication steps were bypassed. 2.2 µl 1 mg/ml H3.3 protein was diluted in 325 µl Sonic
buffer, 325 µl IP buffer and 65 µl 10 mg/ml BSA. 1-16 µl anti-H3 or 3 µl pre-immune
serum was added and the IP was performed as described previously. The protein-DNA
complexes were eluted from the beads according to the Kaufmann method and at the
last step (after incubation at 37 ◦C for 4 min) the eluate volume is 450 µl. This eluate
was acetone precipitated to extract the proteins.
Acetone precipitation
Chilled acetone (-20 ◦C) was added to protein-containing solution at a ratio of 4:1 (ace-
tone:solution) in a 1.5 ml Eppendorf tube and mixed by inverting the tube. 3 or 5 µg
BSA was added to the solution. The solution was then incubated overnight at -20 ◦C.
The tube was then centrifuged for 10 min at 4 ◦C at 12,000 g. The acetone was then re-
moved and the pellet was washed with 500 µl cold acetone, the centrifugation step was
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then repeated and the acetone was removed. The pellet was then air dried at 4 ◦C. Fi-
nally, the pellet was resuspended in 20 µl SDS-PAGE loading buffer (50 mM Tris-HCl
pH 6.8, 100 mM DTT, 2% SDS, 0.1% bromophenol blue and 10% glycerol) overnight.
SDS-PAGE and Coomassie blue staining
Following acetone precipitation, SDS-PAGE analysis of precipitation products was car-
ried out on a 8% polyacrylamide gel and Coomassie blue staining following standard
protocols (Sambrook et al., 1989). A protein ladder (Sigma-Aldrich, Cat. No. M3913)
was run alongside the immunoprecipitates.
Western blot analysis
Proteins were transferred from SDS-PAGE gel to nitrocellulose filter and western blot-
ting performed following standard procedure (Sambrook et al., 1989). Binding sites
for immunoglobins were blocked by incubating the filter for 90 minutes in a bag with
5% non-fat dry milk blocking solution at room temperature with constant shaking. The
blocking solution was discarded and the filter was incubated in a bag for 4 hr at room
temperature with constant shaking with primary Ab, anti-H3 (1:1000 dilution), in 5 ml
solution containing 1x PBS, 5% non-fat dry milk and 0.1% Tween-20. The filter was
then washed 3 times for 5 min each in 50 ml 1x PBS + 0.1% Tween-20 at room temper-
ature with constant shaking. The filter was incubated in a bag with the secondary Ab,
goat anti-rabbit HRP-conjugate (1:10,000), overnight at 4 ◦C in 5 ml solution containing
1x PBS, 5% non-fat dry milk and 0.1% Tween-20. The filter was then washed 3 times
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for 5 min each in 50 ml 1x PBS + 0.1% Tween-20 at room temperature with constant
shaking and finally rinsed with sterile distilled water. The filter was then treated with
ECL buffer (Thermo Scientific Pierce, Cat. No. PN80196) and exposed to photographic
film.
3.4.7 Illumina library preparation and sequencing
Illumina libraries were constructed using a Diagenode MicroPlex Library Preparation
Kit (Cat. No. AB-004-0012) following manufacturers instructions with the addition of
a ”sacrificial” qPCR step. The library construction proceeded according to manufac-
turer’s instructions until point C.5 in the protocol. Library amplification was performed
for 5 cycles of [98 ◦C for 20 s; 72 ◦C for 50 s] (step 5 in point C.5). At this point, the am-
plification was stopped and the libraries stored on ice. 10 µl DNA library was set aside,
1 µl of which was assayed by qPCR, 3 µl was used for PicoGreen DNA quantification
and the remainder was stored at -80 ◦C.
qPCR was performed using Phusion High Fidelity DNA Polymerase (New England Bi-
olabs, Cat. No. M0530). The 35 µl reaction mix used consisted of 1.0 µl template
DNA, 3.5 µl 2 mM dNTPs (final concentration of 0.2 mM), 7 µl 5x Phusion buffer,
1.75 µl 10 µM forward primer (final concentration of 0.5 µM), 1.75 µl 10 µM reverse
primer (final concentration of 0.5 µM), 0.5 µl Phusion polymerase and 12.25µ nuclease-
free water. In each case the forward primer corresponded to Illumina Primer 1.0 (5’-
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGA-3’) and the re-
verse primer corresponded to the specific sequencing index used (detailed in Table
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3.12). The PCR program consisted of: 98 ◦C for 30 s; then 40 cycles of 98 ◦C for
10 s; 65 ◦C for 30 s; 72 ◦C for 30 s; finally, 72 ◦C for 5 min.
TABLE 3.12: Illumina index primers used in qPCR.
Index Sequence (5’→ 3’)*
1 CAAGCAGAAGACGGCATACGAGATCGTGATGTGACTGGAGTTC
2 CAAGCAGAAGACGGCATACGAGATACATCGGTGACTGGAGTTC
3 CAAGCAGAAGACGGCATACGAGATGCCTAAGTGACTGGAGTTC
4 CAAGCAGAAGACGGCATACGAGATTGGTCAGTGACTGGAGTTC
5 CAAGCAGAAGACGGCATACGAGATCACTGTGTGACTGGAGTTC
6 CAAGCAGAAGACGGCATACGAGATATTGGCGTGACTGGAGTTC
7 CAAGCAGAAGACGGCATACGAGATGATCTGGTGACTGGAGTTC
8 CAAGCAGAAGACGGCATACGAGATTCAAGTGTGACTGGAGTTC
9 CAAGCAGAAGACGGCATACGAGATCTGATCGTGACTGGAGTTC
10 CAAGCAGAAGACGGCATACGAGATAAGCTAGTGACTGGAGTTC
11 CAAGCAGAAGACGGCATACGAGATGTAGCCGTGACTGGAGTTC
12 CAAGCAGAAGACGGCATACGAGATTACAAGGTGACTGGAGTTC
* The bases in bold indicate the unique sequence for each index sequence.
The qPCR threshold was set to the middle of the exponential phase and the number
of cycles taken to reach that point were then used to inform the additional number
of cycles of amplification required for the remainder of the library by subtracting 5
from the sacrificial C(t) value. The library amplification was continued for the libraries
using the required number of cycles of 98 ◦C for 20 s; 72 ◦C for 50 s (step 5 in point
C.5). Following final amplification the libaries were purified and size selected with
Agencourt AMPure XP beads (Beckmam Coulter, Cat. No. A63881) according to
the instructions in the MicroPlex Libary Preparation manual. The libraries were then
quantified with PicoGreen and tested in qPCR (using the Phusion protocol described
above). The libraries were then pooled randomly into three 12x multiplexes batches at
equal concentration of 15 nM in 20 µl water and sequenced by TGAC, Norwich. The
libraries were sequenced on an Illumina HiSeq 2000 as 101 bp paired end reads.
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3.4.8 Read mapping
Paired end reads were processed in a number of different ways. Firstly, they were
quality controlled with FastQC (Andrews, 2010), then they were quality-trimmed with
a base quality cut-off of 20. A cut-off of 36 bp was used as the lowest read length
retained. Bowtie2 (Langmead and Salzberg, 2012) was used to map reads using pa-
rameters that allowed a maximum mismatch rate of 5%, allowed discordant and mixed
mappings, allowed a maximum fragment size of 600 bp and used the ”very sensitive”
global mapping mode. SAMtools v0.1.18 (Li et al., 2009) was used to convert the SAM
file into BAM, to retain mappings with a mapping quality higher than 30 and to sort and
index the BAM file. At this point the reads were used in peak calling.
A subset of 10,000 reads (ChIP kit method input replicate three) were queried against
a database of Illumina adapter sequences using BLASTN to test for adapter contam-
ination. Following this the same reads were adapter-trimmed using Cutadapt, Scythe
and Trimmomatic with default parameters (Bolger et al., 2014; Martin, 2011; Scythe
publicly available at https://github.com/vsbuffalo/scythe).
To test a multi-mapping approach using Bowtie2, 100,000 paired end reads were se-
lected from one of the ChIP samples (H3K56ac, ChIP kit replicate 3) and quality-
trimmed in the same way as described above. Adapter trimming was then performed
with Cutadapt with default parameters. The reads then went through three consecutive
rounds of mapping with non-mapping in a round being transferred to the next round of
mapping. In each round the mismatch parameter was set to a maximum of 5% mismatch
rate, allowed a maximum fragment size of 600 bp and a minimum of 20 for mapping
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quality. In the first round mapping was performed as above. In the second round 5 and
3 bp were trimmed from the 3’ and 5’ end of the read respectively. Finally, 15 bp were
trimmed from both ends of the read. SAMtools v0.1.18 (Li et al., 2009) was used to
convert the SAM files into BAM, to merge the four resulting BAM files and to sort and
index the BAM file.
Another read mapper, STAR (Dobin et al., 2013), was also used to map the reads.
STAR was used to clip 3’ ends of contaminating adapter sequences, a maximum mis-
match rate of 5% was allowed, as was a minimum read length of 36 bp. Mapping
across splice junctions was not allowed by setting the parameters alignIntronMin to
2 and alignIntronMax to 1. SAMtools v0.1.18 (Li et al., 2009) was used to con-
vert SAM files to BAM, remove secondary mappings and to sort and index the BAM
file. PCR duplicates were removed using Picard tools (publicly available at http:
//broadinstitute.github.io/picard).
3.4.9 Peak calling
Three peak callers were trialled: CCAT, FindPeaks and SISSRS (Fejes et al., 2008; Jothi
et al., 2008; Xu et al., 2010). In the initial peak calling trial, default histone parameters
were used for CCAT with: fragmentSize = 200; slidingWinSize = 1000; movingStep
= 50. An additional round of peak calling was performed after STAR read mapping
where H3K56ac samples were peak called altered parameters: slidingWinSize = 300;
movingStep = 10. The parameters used for FindPeaks were: default with dist type =
3 (peak calling mode); max pet size 2000 (upper limit of the DNA fragment length).
The parameters used for SISSRS were: default with s = 1895355600 (genome size); m
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= 0.9 (fraction of the genome mappable by reads); L = 2000 (upper limit of the DNA
fragment length); e = 4 (e-value); w = 100 (scanning window size).
3.4.10 qPCR validation of peaks
Morex contig, MLOC accessions and DNA sequences were identified for the test genes:
DREB1, Eu-Hi, Eu-Lo, HKT1, HVA, HVP10, NHX1, RAF, SOS1 and SOS2 (Table
3.13; IBGSC, 2012). Nicki Cook optimised the Eu-Hi and Ei-Lo primers for qPCR,
Steven Dreißig optimised all the other primers for qPCR. qPCR was performed using
the H3K56ac ChIP libraries as before (Section 3.4.5). Fold change was calculated from
the qPCR data with 2δC(t), where δC(t) is (input C[t] - IP C[t]). If the fold change was
greater than five, a peak was called from the qPCR data.
TABLE 3.13: Genes used for qPCR validation of peaks.
Gene Morex v3 contig MLOC Forward primer (5’→ 3’) Reverse primer (5’→ 3’)
DREB1 contig 51960 MLOC 66686 CTTTGTCCCCTATCCCTTGTC CAACTCCCATTGACGCATAA
Eu-Hi contig 158668 MLOC 19829 CCATGAAGGTTGCCAAAGA ACCTCGCTGACCTTGACAAT
Eu-Lo contig 40239 MLOC 55752 GCCTGATCCTGCATCTGTTA CCTTCTGCTTCAGTCGTTGA
HKT1 contig 1565111 MLOC 13204 GAGTGACGGAGGGAAGTTTG CAATTTGGTACATTTGCCTTTC
HVA contig 43704 MLOC 59546 TGGGGACTGGATAAGAAACTG AGCCAATTAACAGATGGGAAAT
HVP10 contig 2547568 MLOC 36965 GGATTGCCGCAGTTACCTAC TACCAACGAGGGAGGACATC
NHX1 contig 135313 MLOC 4602 GCATATTGACAAAGCCTCTGAT GAGGAGAGTGCAGGGACTTC
RAF contig 1565327 MLOC 13305 CCCGAGCTGATGGAGTTTT CGCTCCCCACAGAAGAGTC
SOS1 contig 2546903 MLOC 36509 CAAGGATTTTGCTCCCTCAG ATGCCCGAGTTCAATTTCTT
SOS2 contig 52578 MLOC 67101 GAAGTGGGACGACGACAAC CTCGAACAGCCCCGATAG
The relative locations of these regions on the pseudogenome were identified and related
to peak coordinates determined by the peak callers. Geneious v6.1.6 (Drummond et al.,
2011) was used to align the DNA sequences with the peak coordinates and the qPCR
primer sequences. Overlap of peak coordinates with the test primer regions indicated
enrichment in that region.
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3.4.11 Assigning peaks to genes and analysis of histone modifica-
tions in different gene expression environments
RNA-seq data from the IBGSC project (2012) was used to divide gene transcripts
into zero, low, mid and high expression groups. Mean Reads per kilobase per mil-
lion (RPKM) of seedling root and seedling leaf tissue was calculated and used as the
representative gene expression level in the seedling tissue. Of the 21,965 genes (58,819
transcripts) with known physical location and gene expression, 774 genes (980 tran-
scripts) had zero gene expression. The remaining genes were split evenly into low, mid
and high expression groups, corresponding to 7,074 high and low expression genes and
7,063 mid expression genes. The total number of transcripts was 17,882, 21,852 and
18,105 respectively for low, mid and high expression transcripts.
The software package GenomicTools (Tsirigos et al., 2012) was used to relate peaks to
gene transcripts using the program genomic overlaps offset. Peaks were required to be
within 1.5 kb of the TSS or TES in order to be attributable to the transcript itself. Peaks
assigned to gene transcripts were then separated based on expression level. Custom Java
code was used to generate histogram data across 100 equally sized bins along transcripts
and additional 100 bins from the TSS to 1 kb upstream of the TSS and from the TES to
1 kb downstream of the TES (see Section C.4 in Appendix C). The mean fold change
in each bin was calculated and represents the genic profile of each histone modification
and was plotted in R.
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3.4.12 Set-up of a genome browser for the barley epigenome
All finished data from this chapter was imported into a locally hosted Browse genome
browser (Skinner et al., 2009). ChIP kit reads and peaks were later hosted on a JBrowse
instance hosted online (see Chapter 4).
CHAPTER 4
THE CHROMATIN LANDSCAPE OF
THE BARLEY GENOME
4.1 Abstract
The genomic and genic locations were determined for nine covalently modified histones
in the developing barley seedling using ChIP-seq. The chromosomal distributions of
the modifications group them into four different profile types and for all modifications
except H3K27me3 this grouping maps closely onto relationships between the modifi-
cations derived from peak sharing, showing that local chromatin organization is tightly
aligned with global epigenomic distribution. Unexpected differences were observed in
modified histone profiles between transposable element classes that relate to the dif-
ferent genomic and genic distributions of these elements. The peak sharing data was
used to define a set of chromatin states representing different local chromatin environ-
ments in the barley epigenome. When these states were mapped on the barley genome
striking patterns were observed dividing the gene-rich chromosome arms of each barley
chromosome into two distinct regions. The first of these is a telomere-proximal region,
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within which H3K27me3-bearing chromatin states cover both genes and the surround-
ing intergenic repetitious DNA and the second is an interior region, containing the re-
mainder of the gene-rich euchromatic arm and characterised by active chromatin states
lacking H3K27me3. H3K27me3 was also found to correlate with increased differential
gene expression. H3K36me3 had an opposite role, being more enriched in genes with
low tissue specificity. All these data have been made available for study via a publicly
available genome browser.
4.2 Results
4.2.1 Epigenomic profiles for nine modified histone marks
ChIP-seq was performed on whole barley seedlings in triplicate using thirteen anti-
bodies specific for a range of histone H3 or H4 modifications. Chromatin marks that
have been widely applied in previous plant epigenomic studies were chosen, where they
have been found to be associated with a spectrum of different localizations, either cy-
togenetically or with regard to genes and/or repeat sequences (see Introduction). Nine
histone methylation marks (H3K4me2, H3K4me3, H3K9me1, H3K9me2, H3K9me3,
H3K27me1, H3K27me3, H3K27me3, H3K36me3) and four acetylation marks were tar-
geted (H3K9ac, H3K56ac, H4K5ac, H4K5ac). The resulting NGS reads were mapped
to the barley cv. Morex genome assembly (IBGSC, 2012; Table B.4 in Appendix B).
75% of reads could be mapped on average using STAR (Dobin et al., 2013) and around
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60% of those reads were retained after PCR duplicate removal. Peaks were called sep-
arately in all replicates using CCAT (see Methods) and retained if they were present in
at least two of the three replicates and showed greater than a 4-fold change (Table 4.1).
TABLE 4.1: Peak calling summary
Histone Number of peaks per chromosome
Total
epitope 1H 2H 3H 4H 5H 6H 7H
H3 775 1,404 1,212 1,291 1,101 972 1,133 7,888
H3K4me2 3,171 4,696 4,375 3,385 4,233 3,469 4,246 27,575
H3K4me3 6,625 9,398 8,808 6,507 8,788 7,057 9,140 56,323
H3K9ac 426 637 596 492 647 494 594 3,886
H3K9me1 352 617 565 664 502 480 562 3,742
H3K9me2 1,756 3,098 2,688 2,931 2,479 2,257 2,588 17,797
H3K9me3 1,278 2,228 1,973 2,090 1,986 1,815 1,970 13,340
H3K27me1 1,863 3,132 2,706 3,045 2,549 2,433 2,612 18,340
H3K27me2 1,300 2,165 1,911 2,075 1,870 1,719 1,947 12,987
H3K27me3 2,791 4,147 3,703 2,792 4,181 3,053 4,148 24,815
H3K36me3 3,647 5,575 5,391 4,508 5,225 4,270 5,032 33,648
H3K56ac 6,622 9,408 8,926 6,678 9,303 7,442 10,135 58,514
H4K5ac 3,467 7,174 7,028 7,513 6,754 6,371 6,965 45,272
H4K16ac 1,085 1,724 1,620 1,634 1,579 1,347 1,583 10,572
Inspection of the peak data led to discarding of several of the modifications from further
analysis. H3K9me1 and H3K9ac showed abnormally low number of peaks called (Table
4.1). Furthermore, visual assessment of the peaks showed that H3K9me1, H3K9ac,
H4K5ac and H4K16ac suffered from low coverage relative to the input controls in peak
regions. Whereas H3K4me3 shows strong read coverage in the samples over control,
H3K9me1, H3K9ac, H4K5ac and H4K16ac show much weaker enrichment (Figure
A.21 in Appendix A). H4K5ac and H5K16ac also showed unexpected chromosomal
distributions (see later; Figure A.22 in Appendix A). These modifications were therefore
excluded from further analysis.
Chapter 4. The chromatin landscape of the barley genome 167
The chromosomal distributions of the remaining histone modification peaks, together
with genes and TEs are shown for chromosome 1H in Figure 4.1 and the data for all
chromosomes are in Figures A.23-A.28 in Appendix A. All nine histone modifications
are distributed across all chromosomes but very different distribution profiles are ap-
parent and these differences were used to group the modifications into 4 distribution
Classes. Class I modifications (H3K4me3, H3K56ac, H3K27me3) show high peak
densities towards the telomeres and low densities in the LR-PC region, which is shaded
in grey in the Figure (Chapter 1; Baker et al., 2014). This distribution pattern closely
follows the distribution profile of the HC genes of barley (IBGSC, 2012; Figure 4.1).
Class II modifications (H3K4me2 and H3K36me3) also show high peak densities to-
wards the telomeres but they display higher densities than Class I in the LR-PC region.
Class III marks (H3K27me2 and H3K9me3) show rather even but patchy chromosomal
distributions with a slight bias against the gene-rich regions. Lastly, Class IV histone
modifications (H3K27me1 and H3K9me2) show strong association with the PC region
and a negative correlation with both gene density and Class I modification distribution.
4.2.2 Gene profiles for modified histone marks
The ChIP-seq peaks were then related to genes (Figure 4.2). Genes were grouped into
four expression level bins ranging from zero to high expression (see Methods) and four
corresponding profiles derived from the averaged peak scores are shown. The Class I
modifications, H3K4me3 and H3K56ac both show strong ChIP-seq peaks at the tran-
scription start site (TSS) of genes, with the magnitude of the peak positively correlated
with corresponding gene expression level. In contrast, H3K27me3 displays broad gene
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FIGURE 4.1: Densities of assigned peaks for histone modifications across barley
chromosome 1H. Local peak densities for the nine histone modifications studied here
are plotted against pseudo-physical position on barley chromosome 1H in JBrowse (see
Methods). Four Distribution Classes are described in the text. The distributions of HC
genes and TEs are shown in black and the location of the LR-PC region (Chapter 1;
Baker et al., 2014) is indicated.
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FIGURE 4.2: Profiles of histone modifications in genes with different expression
levels. The mean fold change for each histone modification across different gene ex-
pression levels was calculated from 1 kb upstream to 1 kb downstream. The region
between the TSS and TES is relative for each transcript. Different coloured lines indi-
cate different expression levels.
coverage that is unresponsive to gene expression level and enhanced in unexpressed
genes. Class II modifications also show broad distributions across gene bodies, with
H3K4me2 displaying a slight reduction in peak enrichment with increasing gene ex-
pression whereas H3K36me3 coverage shows a strong positive correlation with gene
expression that resembles H3K4me3 and H3K56ac. All of these five modifications are
strongly enriched in genes, with peak mean fold-enrichment levels between 5 and 15.
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These gene distribution data are consistent with the corresponding chromosomal pro-
files in Figure 4.1 and it can be concluded that these modifications all play a role in the
genic chromatin environment.
The genic distribution profiles of the four remaining histone modifications are quite
similar to each other, with little or no enrichment in expressed genes and higher enrich-
ment in unexpressed genes. There are far fewer gene peaks for both Classes III and
IV (Table 4.2), consistent with their sparse distribution in the gene-rich chromosomal
regions (Figure 4.1). Class IV histone marks show weaker enrichment and fewer peaks
than Class III marks, consistent with the conclusion that the former are at most only
weakly associated with a small number of barley genes.
TABLE 4.2: Modified histone peak numbers associated with genes
Histone
Class
Expression level
Total
epitope Zero Low Mid High
H3K4me3
I
180 2,766 3,079 3,145 9,170
H3K27me3 228 1,289 707 498 2,722
H3K56ac 106 2,285 2,915 2,958 8,264
H3K4me2
II
168 2,478 2,320 1,834 6,800
H3K36me3 64 1,166 2,099 2,556 5,885
H3K9me3
III
12 60 56 45 173
H3K27me2 11 47 21 20 99
H3K9me2
IV
8 38 36 25 107
H3K27me1 7 37 23 18 85
H3 Unclassified 3 21 16 8 48
Different histone modifications exhibit different positions along genes. As can be seen
in Figure 4.3, H3K4me3 and H3K56ac are strongly positioned around the TSS in longer
transcripts. The shorter the transcript the more the enrichment spans across the whole
gene body. H3K4me2, H3K36me3 and H3K27me3 are positioned across the whole
gene body. H3K4me2 and H3K36me3 especially have distinct start and end sites at the
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FIGURE 4.3: Positions of peak start and end sites ordered by transcript length.
Heatmaps showing the relative positions of peak start and end sites. Each row is a
transcript. Transcripts are ordered by length. The x-axis spans from 1x length of
transcript upstream of the TSS (-1) to 1x length downstream of the TES (+1). Red
regions indicate enrichment for a modification.
TSS and TES. Group III modifications do not exhibit a strong positioning preference.
Group IV appear to be depleted in the gene body and exhibit positioning outside the
limits of the TSS and TES. This effect is strongest in H3K9me2.
Nucleosomes cover approximately 150 bp of DNA. Therefore the shorter the transcript,
the fewer nucleosomes that are associated with the underlying DNA. As the immunos-
election process is expected to yield DNA fragments encompassing 1-3 nucleosomes,
shorter transcripts lose some resolution. Determining enrichment at specific points is
therefore more difficult with shorter transcripts (Figure 4.3).
4.2.3 Relationships between modified histone marks
The relationships between these modifications were next explored by correlation analy-
sis of peak sharing between them (Figure 4.4A). This partitions the nine modifications
into three Categories that map almost exactly onto the Classes identified by genome
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FIGURE 4.4: Analysis of peak sharing between the modified histones. (A) Cor-
relation analysis of peak sharing. Modified histones are classified by chromosome
distribution Class (vertical axis, see Figure 4.1) and peak sharing Category (horizontal
axis). Peak sharing level is colour-coded as indicated and the relationship tree derived
from the peak sharing data is also shown. (B) Principal component analysis of peak
sharing. The first 3 components are shown, with weightings for the modified histones
and the contributions of the components to the total variation in peak sharing.
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localization in Figure 4.1. Category 1 comprises Classes I and II and includes gene-
associated modifications, Category 2 is equivalent to Class IV (putative constitutive
heterochromatic) and Category 3 equates to Class III plus H3K27me3 from Class I.
Thus, the overlaps between our different modified histones at the peak level are tightly
aligned with their corresponding chromosomal distributions, with the single exception
of H3K27me3, which acts like a gene-associated modification at the chromosomal level
yet aligns slightly more closely with intergenic chromatin marks by peak sharing. I will
return to this important point later.
The peak sharing data were inspected by principal component analysis (PCA; Figure
4.4B; Figure A.29 in Appendix A). Components 1-3 together contribute 64.6% of the
total variation in peak sharing. These 3 components involve high weightings in the
marks H3K4me3, H3K36me3, H3K56ac and H3K9me3, with sizeable contributions
also from H3K4me2 and H3K27me3. All of these modifications except H3K9me3
show strong association with genes (Figure 4.2). In component 1 (29% of variation in
peak sharing) modifications H3K9me2, H3K27me1 and H3K27me2 are weighted in-
versely to modifications H3K4me2, H3K4me3 and H3K56ac. The former marks are
associated with the LR-PC region (Figure 4.1) and the latter are enriched in expressed
genes, implying that this component is associated with the major epigenetic process of
differentiating the repressed heterochromatic state from the active genic state (see Dis-
cussion). Apart from this, the TE-associated modifications H3K9me2, H3K27me2 and
H3K27me1 are mainly involved in minor components 7, 9 and 8 respectively (Figure
A.29). This result seems surprising, bearing in mind that TEs constitute the majority of
the barley genome. This could result from low ChIP-seq read coverage in these regions
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of the genome (see Discussion).
4.2.4 The epigenomics of barley TEs
Repetitious DNAs, the majority of which are TEs, are known to be predominantly asso-
ciated with certain histone modifications (Lippman et al., 2004; Li et al., 2008b; Wang
et al., 2009; He et al., 2010; Roudier et al., 2011) and different TE classes can occupy
differing genomic compartments (Levin and Moran, 2011). Therefore, the annotations
associated with our chromatin peaks were extracted to investigate the relationship be-
tween the locations and epigenetics of different TE types. Relative enrichments, for
the histone modifications studied here, between genes and the major TE classes present
in barley, are shown in Figure 4.5 and the data for all TE classes are in Figure A.30
in Appendix A. The corresponding distributions of the TE classes on chromosome 2H
are also shown. The LTR retrotransposons, which are concentrated mainly within the
LR-PC region, show strong enrichment for H3K9me2/3 and H3K27me1/2 and strong
depletion for all five gene-associated chromatin marks analysed here. CACTA TEs, the
major DNA transposon class of barley, and LINE retrotransposons, a relatively minor
class in barley, share a very similar chromatin profile with LTR retrotransposons, despite
the very different chromosomal distributions among these TE classes (Figure 4.5A).
The bottom three TE classes in Figure 4.5 (Mutator, MITE and SINE elements) all
show similar chromatin profiles to the other TE classes for 7 of the 9 modifications
studied here. The remaining two histone marks, H3K9me3 and H3K27me3, show dis-
tinct enrichment profiles, both among these three TE classes and between them and the
first three classes in the Figure. Mutator and MITE TEs are depleted for H3K9me3,
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FIGURE 4.5: Differences in chromatin environment and genomic position among
barley TEs. (A) Fold enrichment differences in modified histones for the major barley
TE classes between genes (blue-green) and TEs (red) are shown, with corresponding
chromosomal distribution profiles (bin size = 1 Mbp) on chromosome 2H. Differences
are expressed as Log10 of the percentage fold-change. (B) Hierarchical clustering tree
for barley TEs based upon the enrichment data.
relative to genes, whereas MITEs (to a small extent) and SINEs show enhanced lev-
els of H3K27me3. Thus, these three different TE classes all display strong skewing in
chromosomal distribution towards the telomeres yet they segregate for H3K9me3 and
H3K27me3 peak enrichment relative to genes. Possible reasons for these intriguing
observations will be discussed later.
A relationship tree for the TEs based upon the chromatin enrichment data is shown in
Figure 4.5B. In some ways this follows the structural and evolutionary relationships
of the different TE classes, for example the different LTR retrotransposon types group
together, as do the DNA TEs PIF/Harbinger, Mutator and CACTA. However, there are
notable exceptions, such as SINEs and LINEs, both of which are retroelements yet
both group remotely from the LTR retrotransposons. This suggests that the chromatin
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environment of a TE type is specified by a combination of its structure and its genomic
distribution (see Discussion).
4.2.5 Chromatin states in barley
Combinations of epigenetic marks have been grouped into chromatin states, which are
believed to reflect the differing local epigenetic environments specified by these com-
binations (Ernst and Kellis, 2010; Roudier et al., 2011; Sequeira-Mendes et al., 2014).
Chromatin states defined by the nine histone modifications studied here were explored
using ChromHMM (Ernst and Kellis, 2012). ChromHMM uses hidden Markov mod-
elling to define and display the combinations of shared chromatin peaks.
Models with state numbers between 2 and 20 were explored. An optimal state number
of 11 was selected, which includes a zero state (no modified histone peaks), on the
basis of inspection of state emissions (Figure 4.6A) and correlations between states
(Figure 4.7 and Methods). The model comprises five States strongly involving active
chromatin histone marks (States 7, 5, 6, 4 and 3), 5 States involving repressive marks
from Classes I, III and IV (States 2, 1, 8, 9 and 10) and State 3, which combines active
chromatin marks with the repressive H3K27me3 modification. In the Figure these States
are ordered and colour-coded in approximate decreasing order of genic involvement
using these outputs and the data in Figure 4.6B.
To explore the biological properties of these States the sequence annotations associated
with them were investigated (Figure 4.6B). Each cell value in the Figure shows the fold-
enrichment for a State in a corresponding genomic feature, relative to the frequency of
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FIGURE 4.6: Properties of an 11-state chromatin model for barley. (A) State emis-
sions for the 11 state model. States (top row) are ordered and colour-coded (magenta
red) from left to right by decreasing involvement with histones associated with the ac-
tive genic environment. Histones (left column) are ordered in the same way from top to
bottom and corresponding genomic distribution Classes are shown. State 11 is a zero
state (no associated histone peaks). (B) Fold enrichments for barley chromatin states
in annotated genomic features. Cell values representing fold enrichments (see Results)
are colour-coded from dark green (highly enriched) through no colour (no enrichment)
to dark red (strong negative enrichment.
the feature. Thus (top line, first column), State 7 shows 4.23-fold enrichment for TSS-
annotated sequence, whereas (top line, column 10) the corresponding enrichment is
0.02 for the repressive State 10. The most active State, State 7, is a TSS state, bearing
strong weightings from H3K56ac and H3K4me3 which peak in this genic region (Fig-
ure 4.2). State 5 has lower inputs from these two marks, strong involvement of gene
body marks H3K36me3 and H3K4me2 and high enrichment in introns (Figure 4.6B).
Interestingly, there is no difference in mean fold change between introns and exons for
any modification taken separately (Figure 4.8) though exons and introns have different
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FIGURE 4.7: Performance characteristics of different chromatin state models. A
20-state model was compared to all the other state models using ChromHMM Com-
pareStates (Ernst and Kellis, 2012). Each state in the 20-state model (Y-axis) was
compared to every model (X-axis). Each cell gives the correlation of state emission
parameters between the 20-state model and the test model. High numbers indicate that
the state emissions in the 20-state model are similar to another state in a lower state
model. The 11-state model was found to closely correlate (>0.7) to the 20-state model.
Therefore the complexity of the model could be reduced without losing meaning.
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FIGURE 4.8: Histone modifications in exons and introns of barley transcripts.
Mean fold change of histone modifications for exons and introns, grouped by expres-
sion level. Error bars indicate standard error of the mean.
chromatin State enrichments (Figure 4.6B). State 6 is dominated by H3K36me3, which
is broadly distributed across gene bodies and State 4 bears only H3K4me2/3 modifica-
tion which is also gene body associated (Figure 4.2). The final gene-associated state
is State 3, which superimposes H3K27me3 upon all the other gene-associated marks.
State 2, the other H3K27me3-dominated state, is a transition state between the genic
and intergenic repressive environment, with gene-based fold-enrichments parameters
between 0.4 and 0.5 and TE enrichments (apart from LTR retrotransposons) between
1.33 and 3.84. The final four states (States 1, 8, 9, 10) all show very weak associations
with genes, enrichment for LTR retrotransposons and each is dominated by a different
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repressive histone mark (H3K27me2, H3K9me3, H3K27me1 and H3K9me2 respec-
tively). The proportions of genic and intergenic spaces occupied by chromatin states
are displayed graphically in Figure 4.9. The absolute sizes of the chromatin States in
Mb are given in Figure A.31 in Appendix A.
FIGURE 4.9: Proportions of genic and intergenic spaces occupied by chromatin
States. Red = intergenic, green = genic. Proportions are scaled to 1 = all space.
4.2.6 Epigenomic analysis of states reveals an unexpected ultra-
structure in barley chromosomes
To visualize the chromosomal distributions of these states I created an instance of the
JBrowse genome browser containing the data (see Methods; Skinner et al., 2009). This
revealed striking patterns of high-order localization of certain States (Figure 4.10A, Fig-
ure A.32 in Appendix A). In particular, States 2 and 3, color-coded green in the Figure,
are strongly localized in telomere-proximal (TP) regions, next to these are gene-rich
interior (GRI) regions with high densities of the gene-associated States 4-7 (light blue,
lilac, mid-blue and magenta). Lastly, the gene-poor LR-PC region of the chromosome
is dominated by States 8-10 (orange/red). These global state distributions can be under-
stood in terms of the corresponding distributions of the genes (Figure 4.10B) and the
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FIGURE 4.10: High-order epigenomic structure of barley chromosome 2H. (A)
Chromatin States. Bars indicate the TP (green), GRI (magenta) and LR-PC (orange)
regions. (B) Gene density. (C) H3K27me3 peak density. (D) H3K4me3 peak density.
(E) H3K27me1 peak density. (F) H3K9me2 peak density. (G) CACTA TE density. (H)
Mutator TE density. (I) MITE TE density. (J) SINE TE density. (K) LINE TE density.
histone modifications which contribute to each state (Figure 4.10A; Figures 4.10C-F).
States 2 and 3 which define the TP region are dominated by H3K27me3 and these fol-
low the chromosomal distribution of this mark (Figure 4.10C). States 5-7 carry strong
weightings for gene-associated marks such as H3K4me3 (Figure 4.10D) whose dis-
tribution follows genes closely and aligns with the GRI and TP regions. Lastly, the
extensive interior LR-PC region is enriched for States 9 and 10 which are dominated by
the heterochromatic marks H3K27me1 and H3K9me2 (Figures 4.10E-F). Moreover, the
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distributions of repressive States 9 and 10 are inversely correlated with the repressive
State 3 (R2 = 0.43, P < 0.0001; Figure 4.11). The State distributions are not mutu-
ally exclusive however and H3K27me3-containing States can be found in the largely
H3K9me2/H3K27me1 dominant LR-PCH (Figure 4.12).
FIGURE 4.11: Relationship between distribution of H3K27me3 and
H3K27me1/H3K9me2. Occupancies in 0.5 Mbp bins for the entire Barley
genome are shown. Log = natural logarithm.
FIGURE 4.12: The H3K27me3-containing chromatin States 2 and 3 are present in
the LR-PCH of barley chromosome 2H. HC genes, chromatin states (colour-coded
as in Figure 4.6) and annotated TEs are shown.
The gene-rich TP region appeared to be depleted for gene-associated States 5-7. When
a 0.25 Mbp stretch of this State 2/3-dominated region was examined in greater detail
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(Figure 4.13A) and compared to a nearby GRI region of similar size it became apparent
that the density of States 4-7 is reduced by less than half in the TP region (22 peaks)
relative to the GRI region (35 peaks) and the majority of the TP region, including in-
tergenic spaces and many TEs, is covered by States 2 and 3, whereas roughly half of
the GRI region displays no mapped modified histone peaks. The reduced density of
States 4-7 can be explained by the fact that State 3 differs from States 4-7 mainly by the
addition of H3K27me3. Thus, a fraction of regions sharing active histone marks would
become State 3 in the presence of H3K27me3. Inspection of the mapped ChIP-seq reads
and corresponding peaks for H3K4me3 and H3K27me3 in part of this region (Figure
4.13B) supports this explanation and shows the extent to which the region is covered by
H3K27me3. These two observations together lead to the conclusion that both the TP
and GRI gene-rich regions are mainly differentiated by a blanket of almost continuous
coverage of the TP region by the repressive H3K27me3 mark.
The TP regions of barley are rich not only in genes but also in multiple TE classes
(Figure 4.5A) and recombination events (Higgins et al., 2012). Whether either of these
was linked with the State 2/3 enrichment in the TP region was explored. Figure 4.6B
shows that the major DNA TEs (especially MITEs) and both SINEs and LINEs are
enriched in States 2 and 3 but LINEs are also enriched in State 5 and MITEs in all gene-
associated States. Chromosomal TE profiles (Figures 4.10G-K; Figure A.32) support
the peak enrichment data, particularly for MITEs but it is not possible on the basis of
these observations alone to conclude that State 2/3 distribution is better correlated with
TE density than gene density. Recombination rates were also plotted against densities
of both H3K27me3 peaks (representing States 2/3) and genes (Figure 4.14; Figure A.33
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FIGURE 4.13: Fine structure of epigenomic features for barley chromosome 2HS.
(A) A 0.25Mbp stretch of the TP region (top) is compared with a similarly sized frag-
ment of the GRI region. Selected regions are indicated by black bars on the central
chromatin State plot. HC genes, chromatin States (colour-coded as in Figure 4.6) and
annotated TEs are also shown. The grey bar indicates the region shown in greater detail
in Figure 4.13B below. (B) Fine structure of a ca. 75kb sub-region from the TP region
in Figure 4.13A (indicated by a grey bar above). Chromatin States are colour-coded as
in Figure 4.6. ChIP seq read depths and called peaks for H3K27me3 and H3K4me3
are shown, together with input DNA (negative control) read depth and HC genes.
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FIGURE 4.14: Comparison between recombination rate on barley chromosome
1H and both epigenomic structure and gene density. Recombination rates are plot-
ted in windows of 0.25 Mbp (red line) and 2.5 Mbp (black line). Plots above and below
the chromatin State plot are identical. The green overlay (top) shows the H3K27me3
peak density and the grey overlay (bottom) is the gene density.
in Appendix A). Both densities coincide well but not perfectly with recombination rate.
In particular, for most chromosomes the extreme ends of the chromosomes tend to show
very high levels of H3K27me3 and relatively modest recombination rates. Conversely,
the GRI regions usually show very good correlation for H3K27me3 and excessive gene
density relative to recombination rate. I conclude from these data that for barley the den-
sities of both genes and H3K27me3 are both positively associated with recombination
rate but the relationship is not simple and is likely to involve other factor(s).
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4.2.7 Relationship between histone modifications and recombina-
tion rate in barley genes
The relationship between recombination and histone modification at the chromosomal
scale has been addressed (Figure 4.14). A direct comparison of the histone marks of
high-/low-recombining genes was also performed. Genes were designated high-/low-
recombining based on occupancy in high-/low-recombining regions (see Methods and
Chapter 2 Methods). The mean enrichment in each expression level for every modifica-
tion was calculated from peaks overlapping gene coordinates (Figure 4.15).
A strong picture emerges of divergent H3K27me3 enrichment. HR genes are more
enriched for this mark than LR genes at all expression levels (ranging from 14% in-
crease at mid expression to 31% at high expression), suggesting this phenomenon is
largely independent of gene expression level. This observation links to the conclusion
from the previous section where H3K27me3 density is also higher in HR regions. In
addition, H3K36me3 shows modest increased enrichment in three of the four expres-
sion levels in LR genes (3%, 6% and 23% for high, low and zero expression genes
respectively). H3K4me3 shows a 5% increase in mid-level LR genes over their HR
counterparts. H3K9me3 also shows a 17% difference between zero expression HR and
LR genes at the P < 0.05 level. Finally, Class IV modifications do not show any dif-
ference in enrichment between HR and LR genes. I conclude that genes residing in
different recombination environments exhibit extensive differences in H3K27me3 and
H3K36me3 enrichment, the importance of which is discussed later.
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FIGURE 4.15: Histone modification enrichment in LR and HR barley genes. Mean
fold change of histone modifications for genes in LR and HR regions of the genome,
grouped by expression level. Error bars indicate standard error of the mean. (HR: high
recombining; LR: low recombining). * P < 0.05; ** P < 0.01; *** P < 0.001. Class
distinctions from Figure 4.2.
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4.2.8 Effect of differential gene expression on chromatin State
The studies described above show that gene density, TE density and recombination rate
alone do not account for the chromatin ultrastructure observed. Correlation between
differential gene expression (DGE) and State enrichments in the TP region was therefore
investigated by me. DGE is the difference in gene expression according to tissue. Mixed
tissue (whole seedlings) were used for my ChIP experiments. DGE between tissues
could therefore be reflected in the corresponding chromatin states of the genes involved.
DGE was estimated for genes using seedling root and leaf RNA-seq data, these being
the only seedling tissues represented in the gene expression data set (IBGSC,2012). A
ranking method was performed to estimate the DGE between two tissues. The tissues
were independently ranked based on gene expression and DGE was then estimated by
taking the difference between the two rank values (see Methods; Yu et al., 2010). DGE
was thus expressed as a value between 0 (no DGE) and 1 (high DGE). Genes were
clustered into five discrete DGE bins at 0.2 intervals and examined for enrichment in
chromatin States.
The DGE bins were plotted against enrichment in genic chromatin States (Figure 4.16).
Dramatic differences in State enrichments emerge for genes with differing DGE. High
DGE genes in general show high enrichment in State 3 (H3K27me3-containing) and
modest enrichment in States 4 and 7. Low DGE genes are particularly enriched in
State 5 compared to high DGE genes. State 5 has a strong H3K36me3 component
(Figure 4.6) and the next most enriched state at low DGE is the only other state with
a high component from this modification. Enrichment in State 7 is roughly constant
with respect to DGE apart from the genes with the lowest DGE which exhibit a drop in
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FIGURE 4.16: Genes with high DGE are enriched in different chromatin States
than genes with low DGE. Genes in discrete DGE blocks were analysed for enrich-
ment in chromatin States. Enrichment was determined using ChromHMM OverlapEn-
richment (Ernst and Kellis, 2012).
enrichment. State 7 is defined by high emissions of the TSS-associated marks H3K56ac
and H3K4me3. State 2 enrichment remains very low for genes at all DGE levels.
Plotting the DGE values along the chromosomes reveals slightly increased DGE to-
wards the very ends of chromosomes 1H, 2H, 3H and 6H (Figure 4.17). These chro-
mosomes also exhibit prominent State 2/3 assignments in their TP regions. However,
chromosomes 5H and 7H also have strong State 2/3 assignments without corresponding
pronounced DGE increases so it is likely DGE alone cannot account for the elevated
levels of H3K27me3 in the TP region. Moreover, State 3 accounts for 37 Mbp of the
chromatin environment compared to 85 Mbp for State 2 (Figure A.31 in Appendix A).
State 2 enrichment is only marginally increased in high DGE genes and as a largely
intergenic-associated state the ’genic’ State 2 may be an artefact. I conclude that DGE
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FIGURE 4.17: Estimated differential gene expression in the barley genome. DGE
was calculated for HC genes using RNA-seq seedling leaf/root tissue FPKM values
(IBGSC, 2012). Rolling averages are plotted in windows of 25 genes (red line) and
250 genes (black line). Chromatin State designations are overlaid at the top of the
plots and are colour-coded as in Figure 4.6.
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may be a contributory factor for State 3 H3K27me3 enriched TP regions but not State
2.
4.3 Discussion
This study represents the most comprehensive description of the cereal epigenome to
date and to my knowledge barley is the largest genome to have been assayed using
ChIP-seq so far. Previous studies, primarily in maize, rice and rye, have provided much
valuable information but only for localized genomic regions (Wang et al., 2009; Wu
et al., 2011), a few epigenetic marks (Li et al., 2008b; Wang et al., 2009; He et al.,
2010; Wu et al., 2011; Gent et al., 2012) or have used cytogenetic tools that cannot
relate epigenetic features to DNA sequence (Houben et al., 2003; Shi and Dawe, 2006;
Carchilan et al., 2007; Jin et al., 2008; Higgins et al., 2012).
4.3.1 Modified histones and the distinction between active and in-
active chromatin in barley
The distributions of the modified histone marks across the barley genome studied here
are in several ways consistent with previous data from other plants. Well-described
gene-associated modifications H3K4me3 and H3K56ac show genomic profiles that are
almost identical to the corresponding profiles of genes (Figure 4.1). Similarly, H3K9me2,
which is a definitive heterochromatic mark in Arabidopsis, shows an inverse genomic
distribution to the above modifications. The corresponding enrichment profiles across
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genes for these modifications (Figure 4.2) underline the genomic data and show that
barley chromatin shares the central property described for Arabidopsis of a sharp epi-
genetic demarcation between the active genic state and the repressed heterochromatic
state. Most of the modifications studied here show genomic and genic distributions
that are broadly consistent with this model. In particular, H3K4me3 and H3K56ac
are TSS-associated active chromatin marks, H3K4me2 and H3K36me3 are enriched in
gene bodies and their enrichments are linked to corresponding gene expression level in
a very similar way to Arabidopsis, maize and rice (Li et al., 2008b; Wang et al., 2009;
He et al., 2010; Roudier et al., 2011).
4.3.2 Unexpected roles for some histone modifications in barley
The peak sharing data set (Figure 4.4) defines three categories, which comprise active
genic marks (Category 1), repressive heterochromatic marks (Category 2) and interme-
diate marks which are present in both epigenomic compartments (Category 3). The first
two Categories have been discussed in the previous section and their peak sharing is
fully consistent with an orthodox model whereby these modifications distinguish the
active genic and repressive heterochromatic chromatin states. Category 3 comprises
H3K27me2/3 and H3K9me3 and all three of these marks have yielded unexpected re-
sults in this study.
The data presented here show that H3K27me2 shares a similar genic and genomic distri-
bution profile with H3K9me3 and the peak sharing supports this affinity between these
two modifications. Both H3K9me3 and H3K27me2 are found to be depleted in genes
and predominantly localised in the pericentromeric heterochromatin. In Arabidopsis
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H3K9me3 is an exclusively genic mark and H3K27me2 resides in both the heterochro-
matin and the euchromatin, where it has strong overlap with H3K27me3, which is also
strongly genic (Turck et al., 2007; Roudier et al., 2011). In rice H3K9me3 has been
implicated in repression of the Tos17 LTR retrotransposon (Qin et al., 2010) and in rye
it is found in sparse punctate regions which are consistent with this barley genomic data
(Carchilan et al., 2007). The only previous reports for the location of H3K27me2 in
cereals to my knowledge are cytogenetic (Shi and Dawe, 2006; Carchilan et al., 2007;
Jin et al., 2008). These reports disagree on the genomic location, with a reported hete-
rochromatic location in maize and apparently euchromatic location in rye. These results
are difficult to reconcile and it is possible that the specificities of the antibodies used are
responsible. This barley H3K27me2 data is consistent with the maize data.
Another possibility that cannot be excluded at present is that these modifications are
evolutionarily labile with regard to their genomic localization and presumably their epi-
genetic function. The H3K9me3 localization data described above for Arabidopsis, rye,
maize and barley support this possibility and it should also be noted that in animals this
modification is the definitive heterochromatic mark (Peters et al., 2003).
From the comparison of genes in high- and low-recombining regions, it was found
H3K27me3 enrichment differed according to recombination environment (Figure 4.15).
It is unclear why genes in HR regions of the barley genome are more enriched with
H3K27me3 than their LR counterparts. H3K27me3 peaks, which primarily cover TEs
in the euchromatin could run over into coding sequences resulting in a TE-repressive
positional effect. The evidence for this hypothesis derives from the average length of
a H3K27me3 peak being 1,896 bp longer than the average gene length. Therefore, a
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peak covering a TE within ∼2 kb of a gene could cover the adjacent gene too. This
is akin to the heterochromatic spreading effect observed in animals, Arabidopsis and
maize (Ahmed et al., 2011; Eichten et al., 2012; Rebollo et al., 2011). However, the
increased H3K27me3 enrichment was observed in genes at all expression levels so is
not indicative of a gene silencing mechanism. Moreover, only SINEs, MITEs and other
TIR-containing transposons have higher H3K27me3 enrichment than genes (Figure 4.5
and Figure A.30), all other HR-located TEs have lower H3K27me3 enrichment than
genes. Close examination of the TEs and genes in regions of high H3K27me3 enrich-
ment would be a worthwhile endeavour to determine if there is a cooperative effect of
H3K27me3 recruitment between genes and TEs.
4.3.3 Differences in chromatin environment and genomic position
among barley TE classes
This data has revealed a complex patterning for the distribution and chromatin land-
scapes of the different TE types in barley. The LTR retrotransposons dominate the
cereal genome and comprise the majority of the LR-PCH, where they are associated
with the heterochromatic States 1, 8, 9 and 10. The other very high copy number TE
type in barley, CACTA TEs, are also very numerous in the LR-PCH and preferentially
associated with the same States as above but there are higher densities of CACTAs to-
wards the telomeres and this TE type shows enrichment for State 2 which is located
distally (see below). All the other major TE types are predominantly localised in the
chromosome arms of barley and all of them show differences in their enrichments for
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the chromatin marks H3K9me3 and H3K27me3. The former of these is the major con-
tributor to the heterochromatic State 8, yet the TE types Mutator, Tc1/Mariner, Helitron
and MITE all show weaker association with this mark than genes do (Figure 4.6; Fig-
ure A.30). H3K9me3 shows very few gene peaks and its chromosomal distribution is
disperse in barley (Figure 4.1) and rye (Carchilan et al., 2007) and punctate in the lat-
ter. It is therefore possible that this modification has a specialised localised role in the
Triticeae cereals, which is yet to be determined and involves a small subset of genes
predominantly within the LR-PCH. The other modification yielding differential enrich-
ment among these TE types, H3K27me3, is discussed below.
4.3.4 Chromatin state analysis reveals an unexpected higher order
structure of barley chromosomes involving H3K27me3
Chromatin state modelling of the peak sharing data reveals 10 chromatin States rep-
resenting 5 genic environments, four non-genic environments and the transition State
2 involving both genes and several TE families found preferentially in the gene-rich
chromosome arms of barley (Figure 4.6). By colour-coding these States with respect to
their involvement in chromatin structure then mapping them at the chromosome level
(Figure 4.10; Figure A.32), a surprising epigenomic ultrastructure for barley has been
discerned, with each chromosome arm having a gene-rich TP region that is heavily cov-
ered by H3K27me3-modified chromatin both at the genic and intergenic levels. This
region flanks a GRI region, which is rich in active chromatin states and this region in
turn abuts the extensive LR- PC region that is dominated by repressive heterochromatic
states but also contains many islands of active states aligned with genes. The locations
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and density profiles of the TP and GRI regions map well, but not perfectly against the
corresponding recombination rates, suggesting that both the genic chromatin environ-
ment and H3K27me3-containing chromatin interact with the recombination process.
Within the TP region H3K27me3 contributes to chromatin States 2 and 3, with the first
of these being mostly intergenic and the second mostly genic (Figure 4.13A; Figure 4.9).
The genic alignment of H3K27me3 via State 3 is unsurprising. H3K27me3 is a central
component of the Polycomb gene silencing system that in Arabidopsis has been shown
in multiple cases to target and switch down gene expression (Holec and Berger, 2012).
Moreover, genes exhibiting high DGE were more enriched for H3K27me3 than genes
with low DGE (see Section 4.3.5 for discussion of these results). H3K27me3 has pre-
viously been shown to have a distal chromosomal distribution during meiotic prophase
in barley (Higgins et al., 2012). In rice H3K27me3 is also a genic mark but its chromo-
somal distribution is indistinguishable from that of genes and the genic modifications
such as H3K4me3 (He et al., 2010). However, a reanalysis of that rice data (He et al.,
2010) by Vaquero-Sedas et al. (2012) revealed that the telomeres exhibit higher levels
of H3K27me3 than centromeres, the phenomenon they also identified in Arabidopsis.
In maize H3K27me3 shows a similar but perhaps flatter profile across chromosomes
than H3K4me3 or mRNA (Gent et al., 2012) and this profile differs between tissues
(Makarevitch et al., 2013). The only evidence for an H3K27me3-enriched TP region
in a species other than barley comes from rye, where cytogenetic studies show strong
localized banding of this modification near telomeres (Carchilan et al., 2007).
The intergenic localization of State 2 is less easy to explain. This State is dominated
by H3K27me3 (Figure 4.6A) and it is the dominant source of this modification in the
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barley genome, accounting for 85 Mbp compared to 37 Mbp for State 3 (Figure A.31).
In animals H3K27me3 mediates the establishment of facultative heterochromatin via
deposition at Polycomb response elements by the Polycomb Repressor Complex 2 then
spreading to adjacent regions. However, H3K27me3 does not extend over large ge-
nomic regions in Arabidopsis (Turck et al., 2007). I wondered whether the intergenic
heterochromatic state is defined by H3K27me3 in the TP region and the Class IV modi-
fications H3K9me2/H3K27me1 in the rest of the genome. H3K9me2/H3K27me1 States
show a reverse chromosomal distribution pattern to repressive H3K27me3 State 2 (Fig-
ure 4.1) and plotting the regional overlap between them shows a broad inverse corre-
lation with an R2 value of 0.43 (Figure 4.11). Nevertheless, visual inspection of the
barley epigenome reveals plentiful evidence for coexistence of intergenic H3K27me3
(State 2) and Class IV modifications (States 9/10) in the TP, GRI and LR-PC regions
(e.g. Figure 4.12; Figure 4.13). It is therefore possible that the barley intergenic faculta-
tive heterochromatic state can be maintained by State 2, involving H3K27me3 and the
constitutive heterochromatic state is specified by States 9/10 involving H3K9me2 and
H3K27me1, with the distributions of these state types strongly skewed away from each
other but coexisting occasionally.
It is unclear why State 2 is so strongly localized to the TP region. It overlaps the dis-
tributions of particular TE types (particularly MITEs, LINEs and SINEs, Figure 4.6B
and Figure 4.10) and both recombination rate and gene density (Figure 4.14) but these
correlations cannot decode the biological role for this phenomenon. What are the bio-
logical significances of the TP and GRI regions? Roughly 80% of barley genes reside in
these two regions combined. Clearly, further work directed at the epigenetics of the TP
Chapter 4. The chromatin landscape of the barley genome 198
and GRI regions and the genes within them will be required to answer these questions.
4.3.5 Differences in DGE are linked to enrichment in different chro-
matin States
My comparison of DGE and chromatin state reveals that genes with different levels
of DGE are enriched for different chromatin States. Genes with low DGE show in-
creased preference for States 5 and 6 which are distinguished from the other States
by very high H3K36me3 emission values (Figure 4.6). Chromatin State analysis in
Drosophila revealed that housekeeping genes were enriched in H3K36me3-associated
States (Brown and Bachtrog, 2014; Filion et al., 2010). This suggests that H3K36me3 is
a mark for broad constitutive gene expression. To my knowledge, epigenomic mapping
of H3K36me3 in plants has only been reported in three species, Arabidopsis, rice and
maize. In Arabidopsis and rice, no specific studies linking chromatin State to DGE have
been performed and H3K36me3 has only been linked to high gene expression in both
species so far (Roudier et al., 2011; Zhang et al., 2012). Recently however, in Arabidop-
sis a H3K36me3 and H3K27me3-containing State was described which maps to genes
with low mean gene expression and variance, though H3K36me3-containing States
without H3K27me3 showed high gene expression and variance (Sequeira-Mendes et al.,
2014). DGE in Arabidopsis might then depend on colocalisation of H3K36me3 with
other marks. In maize, genes with low DGE in root vs. shoot tissue also had low
divergence in H3K36me3 enrichment (Wang et al., 2009). To conclude, H3K36me3
enrichment in the Triticeae at least, appears to corroborate results in Drosophila and I
suggest that this modification may mark housekeeping genes.
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Tissue-dependent genes, that is genes with high DGE, show marked increased enrich-
ment in State 3 (Figure 4.16). This State is defined by the presence of H3K27me3 and
the active marks H3K4me2, H3K4me3 and to a lesser extent, H3K56ac and H3K36me3.
Genes residing in State 3 chromatin are therefore enriched for both active and repressive
marks. The colocalisation of H3K27me3 with active marks in high DGE genes suggests
an important role for tissue specific gene expression. As previously stated, H3K27me3
facilitates gene repression via Polycomb in animals and H3K4me3 is a highly activating
mark. Therefore it is likely that State 3 genes are expressed in one tissue and repressed
in another.
In Arabidopsis H3K27me3 is associated with low, yet highly variable gene expression
which the authors suggested is linked to developmental repression (Ha et al., 2011).
Mapping DGE against chromosome States (Figure 4.17) revealed that DGE is slightly
elevated at the ends of some barley chromosomes. This appears to correlate with the
H3K27me3-enriched TP region, suggesting that high DGE and H3K27me3 enrich-
ment at least partially colocalise in barley. However, some chromosomes exhibit high
H3K27me3 enrichment in the TP region without a corresponding increase in DGE. This
situation seems to be similar in maize, where H3K27me3 is associated with both genes
of high and low DGE between roots and shoots (Wang et al., 2009).
An alternative hypothesis for colocalisation of H3K27me3 and H3K4me3 is bivalency, a
phenomenon where H3K4me3 and H3K27me3 are present on the same histone molecule
(Azuara et al., 2006; Bernstein et al., 2006; Mikkelsen et al., 2007). Bivalent domains
are thought to silence developmental genes yet keep them poised for activation (Bern-
stein et al., 2006). It should be noted this has so far only been observed in mammalian
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stem cells and was specifically not observed in Arabidopsis (Ha et al., 2011). I believe it
is therefore unlikely that bivalency is causing the H3K27me3-H3K4me3 colocalisation
observed in State 3 and DGE is a more likely candidate.
4.3.6 Conclusion
This study is to some extent just the beginning of the description of the chromatin land-
scape of the barley genome. Only one mixed tissue was addressed, namely the com-
plete developing seedling, and different tissues will certainly yield different chromatin
profiles (Makarevitch et al., 2013). Likewise, only nine of the > 50 known histone
modifications were studied and I only just began to study the detailed properties of
the genic States described here with regard to the differing types of genes containing
them. Furthermore, the low read depth across repetitious sequences in this study has
undoubtedly led to an underestimation of peak sharing among the chromatin marks that
target these sequences (particularly Classes III and IV), which has almost certainly had
knock-on effects upon the correlation and state analyses. The heterochromatic States
8-10 are each dominated by a single histone modification and it is expected that deeper
sequencing will result in modified heterochromatic States with higher levels of sharing
among the modifications. The relationships between chromatin State, TE density and
type, recombination rate and DGE all require further exploration. Further investigation
of the properties of the TP regions and the genes located within would shed light on
this intriguing chromosome biology. Nevertheless, the findings reported here and the
underpinning data available via the genome browser provide a coherent description of
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the barley epigenome with new findings that both raise interesting new questions and
give a framework to address them in the future.
4.4 Methods
Work was carried out by myself unless otherwise stated.
4.4.1 Plant materials
Seeds of Hordeum vulgare cv. Morex were germinated on water-soaked filter paper in
Petri dishes and grown for ∼10 days at room temperature. When the leaf tissues were
approx. 10 cm long the material from 18 whole seedlings (roughly 3 g) was harvested
and divided into three replicates.
4.4.2 ChIP-seq analysis
ChIP was performed by myself (30%) and Nicki Cook (70%). The protocol developed
in the previous chapter was used for the chromatin immunoprecipitation. Briefly, pooled
barley seedlings were crosslinked under vacuum in 1% (w/v) formaldehyde for 15 min-
utes at room temperature. The crosslinking reaction was quenched by the addition of
0.125 M glycine and the vacuum was reapplied for a further 5 min. The crosslinked
plant material was flash-frozen in liquid nitrogen and ground to a fine powder. For all
the following steps the Abcam EpiSeeker Plant kit (cat.no. ab117137) was used accord-
ing to manufacturer’s instructions. Nuclei were extracted and sonication was performed
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using a Diagenode Biorupter Plus with 10 cycles at 4 C at high power of [30 s pulse/60 s
cooling]. The resulting sheared chromatin was pooled from the three replicates and 100
µl aliquots were immunoprecipitated in triplicate each with 3 µl of ten antibodies (Table
4.3) for 90 minutes. Reverse crosslinking was performed and DNA was extracted and
purified using columns from the EpiSeeker kit.
Illumina library construction was performed by myself (40%) and Taniya Dhillon (60%).
Illumina libraries were constructed from the resulting immunoselected DNA fractions
using a Diagenode ThruPlex kit (cat.no. AB-004-0012) according to manufacturers
instructions. The barcoded DNA libraries were pooled with 8x multiplexing and se-
quenced using the Illumina HiSeq 2000 (101 bp paired end reads).
TABLE 4.3: Details of antibodies used for ChIP.
Targeted epitope Clonality Manufacturer Product code Lot number
H3 Polyclonal Abcam ab1791 GR81366-1
H3K4me2 Monoclonal Abcam ab32356 GR39894-3
H3K4me3 Polyclonal Active Motif 39159 01609004
H3K9ac Polyclonal Active Motif 39137 01008001
H3K9me1 Polyclonal Abcam ab8896 GR52205-1
H3K9me2 Polyclonal Active Motif 39375 29108001
H3K9me3 Polyclonal Millipore 07-442 JBC1865906
H3K27me1 Polyclonal Millipore 07-448 DAM1661077
H3K27me2 Polyclonal Millipore 07-452 JBC1870071
H3K27me3 Polyclonal Millipore 07-449 JBC1873477
H3K36me3 Polyclonal Abcam ab9050 GR20245-2
H3K56ac Polyclonal Active Motif 39281 16908001
H4K5ac Polyclonal Millipore 07-327 DAM1794310
H4K16ac Polyclonal Millipore 07-329 JBC1847859
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4.4.3 Validation of H3K27me3 antibody specificity
The specificity of the H3K27me3 antibody batch used in this study was checked using
the Active Motif MODified Histone Peptide Array (cat.no. 13005; Figure A.34 in Ap-
pendix A) by Taniya Dhillon. Our H3K27me3 antibody batch recognised H3K27me3-
containing peptides and displayed no cross-reactivity against other histone modifica-
tions.
4.4.4 Mapping ChIP-seq reads to the barley genome and peak call-
ing
Reads were trimmed and mapped using STAR according to the mapping protocol stated
in the previous chapter. Reads were mapped to a manually assembled Morex genome
based on the Morex v3 assembly utilising location information from PopSeq (Mascher
et al., 2013; Chapter 2 Methods Section 2.4.10). Reads were mapped using STAR
v2.3.0.1 (Dobin et al., 2013) with parameters set to perform adapter trimming, and
with additional parameters to limit the minimum mapped paired end read length to 72
bp (–outFilterScoreMinOverLread 0.36 –outFilterMatchNminOverLread 0.36), to limit
the mismatch rate to 5% (–outFilterMismatchNoverLmax 0.05) and to disable mapping
across splice junctions (–alignIntronMin 2 –alignIntronMax 1). Secondary reads were
removed with SAMtools v0.1.18 View (Li et al., 2009) then PCR duplicates were re-
moved with Picard-tools v1.51 MarkDuplicates (http://broadinstitute.github.io/picard/).
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Peaks were called using CCAT (Xu et al., 2010). The default histone peak calling
parameters (with three alterations of fragmentSize = 100, slidingWinSize = 1000, min-
Score = 2.0) were used for calling H3, H3K4me2, H3K9me1, H3K9me2, H3K9me3,
H3K27me1, H3K27me2, H3K27me3 and H3K36me3 peaks. Default transcription fac-
tor peak calling parameters (with four alterations of fragmentSize = 100, minCount =
4, minScore = 2.0, isStrandSensitiveMode = 0) were used for calling H3K4me3 and
H3K56ac peaks. Data sets were then filtered to retain only peaks with fold change
greater than 4. The top 100,000 peaks for each replicate were retained. BEDTools
v2.20.0 (Quinlan and Hall, 2010) merge and intersect were used to identify the peak
regions observed in two or more replicates and these were used in downstream anal-
yses. DiffBind v1.12.0 (Stark and Brown, 2011) was used to perform correlation and
principle coordinate analyses of histone modifications.
4.4.5 Assigning peaks to genes and analysis of histone modifications
in different gene expression environments
The method to generate genic peak distributions is described in Section 3.4.11 in the
previous Chapter. Briefly, peaks were separated based on expression level and removed
if they extended beyond 1.5 kb of the TSS or TES. Remaining peaks were therefore
judged to be attributable to the transcript itself. Histogram data was generated across
100 equally sized bins along transcripts and additional 100 bins from the TSS to 1 kb
upstream of the TSS and from the TES to 1 kb downstream of the TES. The mean
fold change in each bin was calculated and represents the genic profile of each histone
modification and was plotted in R.
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To utilise the fold change information from large peaks extending further than 1.5 kb
upstream or downstream the mean fold change was also calculated by intersecting peaks
with genes and assigning an overall fold change for each intersected gene based on the
fold change for the peak.
4.4.6 Assigning peaks to transposable elements
Peaks were assigned to TEs by intersecting the peak region with TE coordinates in the
manually assembled barley genome in the same way as for genes (see above). The
mean fold change in each TE class (Wicker et al., 2007) was calculated and compared
to the mean gene fold change for each histone modification. The difference in fold
change between genes and TEs was then calculated for each histone modification, log10
transformed and plotted in R. Cluster analysis of TEs was performed in R based on the
proportion of TEs in each class covered by a histone modification.
4.4.7 Analysis of histone modifications in different recombination
environments
Local recombination rates were calculated using the Marey map approach (Chakravarti,
1991; see Chapter 2 Methods Section 2.4.11). Genes were then assigned HR/LR status
based on occupancy in HR/LR regions. For each histone modification, in each expres-
sion group the mean fold change was calculated for LR and HR genes. R was used to
plot the mean fold changes and to perform Wilcoxon tests on the means.
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4.4.8 Analysis of histone modifications in introns and exons
Overlaps between peaks and intron and exon annotations were identified using Ge-
nomicTools genomic overlaps. For each histone modification, in each expression group
the mean fold change was calculated for introns and exons. R was used to plot the mean
fold changes and to perform Wilcoxon tests on the means.
4.4.9 Assigning chromatin states to the barley genome
Chromatin states were learned considering models from two to twenty states by ap-
plying the ChromHMM v1.10 hidden Markov model algorithm with 150 bp bin size
(Ernst and Kellis, 2012). ChromHMM CompareModels was used to compare all the
models to each other. An eleven state model (ten states with histone modifications,
one state without any modifications) was chosen as it sufficiently captured chromatin
state information from the twenty state model whilst retaining biologically meaning-
ful state assignments. ChromHMM OverlapEnrichment was additionally used to relate
chromatin states to genic and TE annotations.
4.4.10 Estimation of differential gene expression
DGE was estimated for genes using seedling root and leaf RNA-seq data (IBGSC,2012).
Genes were ranked by root expression and a rank value was obtained by dividing this
rank by the number of genes (Yu et al., 2010). This method was repeated for leaf gene
expression. Genes with the same gene expression were given a random rank within the
limits of the minimum and maximum possible ranks. The DGE was than estimated by
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taking the difference between the two rank values and thus expressed as a value be-
tween 0 (zero DGE) and 1 (high DGE). Genes were clustered into discrete DGE blocks
at 0.2 intervals and examined for enrichment in chromatin States using ChromHMM
OverlapEnrichments (Ernst and Kellis, 2012). Rolling averages were calculated in two
passes with window sizes of 25 genes and then again with 250 genes with the R package
TTR.
4.4.11 Set-up of a genome browser for the barley epigenome
All finished data from this chapter was imported into a JBrowse genome browser (Skin-
ner et al., 2009). Linda Milne and Iain Milne set up the JBrowse genome browser for
public access at http://ics.hutton.ac.uk/jbrowse/barley-chip.
CHAPTER 5
DISCUSSION AND CONCLUSIONS
This thesis represents a comprehensive examination of gene expression, evolution and
epigenetics in barley. Chapter 2 explores the low recombining gene component, re-
vealing that diversity and evolution are impacted by genomic environment, whilst gene
expression is not. Chapter 4 presents an epigenomic survey for the barley seedling,
using methodology developed in Chapter 3, which represents the largest such study to
date to be performed on the Triticeae.
The results reveal the chromatin landscape of barley to be diverse, resilient and at times
unexpected. Despite a depressed recombination rate, repressive epigenomic environ-
ment and a large transposable element population, many thousands of genes are still
functional and expressed in pericentromeric regions. However, genic diversity and evo-
lution are reduced in LR regions, with LR-LR ohnologue pairs totally undetectable. A
surprising H3K27me3-enriched telomere proximal region was identified as a result of
my chromatin State classifications.
My thesis has also yielded a set of useful protocols and resources. The development
of a ChIP-seq protocol for the large and fragmented barley reference genome will be
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useful for others working on species with incomplete reference genomes. The ability
to generate a manually-assembled genome to meet peak calling program requirements
was instrumental for the bioinformatics analyses. Lastly, the epigenome browser will
be a valuable tool for accessing the histone modification data.
5.1 High and low recombining regions of the barley genome
exhibit differences in gene diversity, evolution and
epigenetics
Different regions of the genome exhibit distinct properties. As presented in Chapter 2,
in addition to increased recombination rate, HR regions have higher gene density and
nucleotide substitution rates. HR and LR regions are also differentiated by the numbers
of gene pairs. It is well established that increased recombination facilitates gene dupli-
cation (Rizzon et al., 2006; Zhang and Gaut, 2003) and in barley, HR regions have more
tandem duplications than LR regions (Figure 2.13). Furthermore, all the detectable an-
cient gene pairs have at least one duplicate in the HR region (Figure 2.11). The two
regions also have epigenetic differences. H3K27me3 is greatly enriched in HR regions,
whereas H3K36me3 is more enriched in LR regions (Figure 4.15). Taking all these
observations together, it is tempting to speculate that these genomic and epigenomic
phenomena are linked. Whether there is a molecular mechanism between recombina-
tion and histone modifications in plants is unknown though some modifications have
been linked to recombination initiation in yeast and mammals (Crichton et al., 2014;
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Yamada et al., 2013). Rather than H3K27me3 enrichment being causally linked to high
recombination, H3K27me3 enrichment may be increased in HR regions to regulate gene
expression or to silence the TEs that reside there.
Enhanced H3K27me3 enrichment in HR regions may also be linked to the higher den-
sity of gene pairs there. Duplicated genes must acquire new functionality or undergo
pseudogenisation (Force et al., 1999) and histone modification status seems to be linked
a gene’s ability to do this. In Drosophila, orthologues between species have conserved
H3K27me3 status, yet H3K27me3 signal diverges more rapidly between duplicated
genes (Arthur et al., 2014). In Arabidopsis, paralogue pairs with the highest coding
sequence divergence are both enriched for H3K27me3 (Berke et al., 2012). No direct
comparison of the epigenetic status of barley paralogues has been made by me though
there are increases in both H3K27me3 peak density and gene pairs in the HR regions.
Furthermore, duplicated genes which reside in repressive chromatin environments are
more likely to become pseudogenes in Drosophila (Arthur et al., 2014). Perhaps the
highly conserved repressive environment of the LR region, which it is heavily marked
with H3K9me2, has resulted in pseudogenisation of the ancient gene pairs residing
there, making them undetectable (Figure 2.11).
A surprising result was finding that gene expression level and specificity do not vary
across chromosomes. That is, genes are expressed at rates and breadths in the LR re-
gions that are comparable to their HR counterparts. There is a slight exception to the
very ends of some chromosomes, with a marginal increase in differential gene expres-
sion between seedling roots and shoots (Figure 4.17). Epigenetic status seems to be
important in this regard as the highly activating marks such as H3K4me3 and H3K56ac
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are enriched in LR genes to the same extent as HR genes, suggesting they allow normal
expression in LR regions (Figure 4.15).
H3K36me3, a mark highly associated with increased gene expression (Figure 4.2;
Zhang et al., 2012; Roudier et al., 2011), appears to be slightly more enriched in LR
genes than HR genes (Figure 4.15). Given the role of H3K36me3 in transcriptional
elongation in yeast (Krogan et al., 2003; Kouzarides, 2007), it is possible that this mark
confers some transcriptional protection to genes in an overwhelmingly repressive envi-
ronment. H3K36me3 was also found by me to be more enriched for unexpressed genes
in the LR compartment compared to the HR region. This at first appears to be contra-
dictory to the strongly active nature of this mark but research in mouse indicates that
H3K36me3 is enriched in constitutive and facultative heterochromatin and is suggested
to contribute to the composition of heterochromatin along with other histone modifica-
tions (Chantalat et al., 2011).
5.2 Transposable elements exhibit genomic locations and
epigenetic signatures distinct from genes
Although genes were the main focus of my epigenetic mapping, it was also illuminat-
ing to investigate the epigenetics of transposable elements. This is especially the case
for barley as it has a huge and diverse TE population. Genes exist as islands within
the repetitive DNA fraction and therefore have to overcome the surrounding repressive
environment in order to be successfully expressed.
Chapter 5. Discussion and conclusions 212
It is well known that some histone modifications are associated with TEs and repetitive
non-coding DNA, most notably in plants H3K9me2 and H3K27me1 (Bernatavichute
et al., 2008; Lippman et al., 2004; Roudier et al., 2011). The peak calling and data
processing procedures adopted by me for genes was also applied to TEs. Accurately
surveying the histone modifications enriched in TEs would require sequencing to great
depth as these elements represent at least 4 Gbp per genome in barley. Nevertheless,
some exploratory data analysis of the peaks identified in repetitive regions was per-
formed by me (Section 4.2.4 in Chapter 4). These showed that different TE classes
exhibit different epigenetic profiles (Figure 4.5; Figure A.30). LR-PC associated TEs
show strong enrichments for the repressive marks H3K9me2, H3K9me3, H3K27me1
and H3K27me2. TEs localised to the chromosome arms show variations in H3K9me3
and H3K27me3 enrichment according to TE class.
Recent work in maize shows that H3K9me2 and DNA methylation is differentially en-
riched in TE classes. LTR-REs and CACTAs are more enriched for H3K9me2 than the
hAT, PiF/Harbinger, Tc1/Mariner and Mutator DNA TE classes (West et al., 2014).
Conversely, non-CACTA DNA TE classes experience more DNA methylation than
LTR-REs (He et al., 2013; West et al., 2014). Taken with my results in barley, it seems
that different TE classes are regulated by different epigenetic marks in the Triticeae.
In humans, a number of TE classes were examined for epigenetic marks (Huda et al.,
2010). Both L1 and Alu TEs, which are distal and proximal to genes respectively,
were both found to be progressively enriched for repressive marks the closer they are to
genes. L1 is exclusively enriched in H3K9me2 and H3K9me3 whereas Alu is enriched
in gene-associated repressive marks such as H3K27me3 (Huda et al., 2010). Therefore
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in humans, as in barley, gene-associated repressive histone modifications mark gene-
proximal TEs.
As TE insertions are disruptive to gene integrity and correct expression, TE transpo-
sitions into gene dense regions would require immediate repression. As H3K27me3
is already associated with gene repression perhaps the genome co-opts this mark into
repressing gene proximal TEs. Further study is clearly needed into the epigenetic regu-
lation of barley TEs.
5.3 The chromatin ultrastructure of barley can be de-
fined by chromatin State assignments
Examining histone modifications individually has long been the norm in epigenetics
research. Recently, methods to define chromatin States and investigate their properties
have revealed combinations of histone modifications which appear to be biologically
important (Brown and Bachtrog, 2014; Ernst and Kellis, 2010, 2012; Filion et al., 2010;
Roudier et al., 2011; Sequeira-Mendes et al., 2014). Using chromatin State analysis in
barley has revealed epigenetic features that otherwise would have remained unnoticed.
Mapping these States highlighted a chromatin ultrastructure in barley chromosomes
(Figure 4.10; Figure A.32). Barley chromosomes can be divided into three regions
based on this ultrastructure: a H3K27me3-dense telomere proximal (TP) region, a gene-
rich interior (GRI) region with high densities of active marks and a gene-poor LR-PC
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region which is enriched for repressive marks. The separation of chromosome arms into
two regions with distinct combinations of epigenetic marks was totally unexpected.
Recombination rate, TE density, gene density and differential gene expression (DGE)
were all investigated as possible factors in the demarcation between chromatin States.
Recombination rate, gene density and DGE all colocalised with State 2/3 enrichment
(highly H3K27me3) to varying degrees (Figure 4.14; Figure 4.17). This suggests some
link between H3K27me3 and the recombination process and regulation of gene expres-
sion. H3K27me3 was found to be greatest in zero expression genes whereas H3K4me3
enrichment increased with increasing gene expression (Figure 4.2). Genes covered with
both H3K4me3 and H3K27me3 (State 3 chromatin), and putatively exhibiting increased
DGE, could have interesting developmental or tissue specificities worth investigating in
future studies.
Genes with low DGE were enriched for H3K36me3-containing States (Figure 4.17).
This led me to speculate that H3K36me3 may be a marker for housekeeping genes, or at
least genes with a narrow breadth of expression. In Drosophila, H3K36me3 was found
to be highly enriched in housekeeping genes (Brown and Bachtrog, 2014; Filion et al.,
2010). The picture in maize also suggests low divergence of H3K36me3 enrichment
between root and shoot tissue (Wang et al., 2009). Investigating additional tissues could
confirm or disprove this in barley.
Interestingly, I have found no difference in mean fold change between introns and exons
for any histone modification taken separately (Figure 4.8) yet exons and introns have
different chromatin State enrichments (Figure 4.6B). This hints that there is much more
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to be found out about how epigenetic modifications work cooperatively in barley and
my work has only scratched the surface.
State analysis also illuminated some aspects of the epigenetic regulation of TEs in bar-
ley. State 2 and States 9/10 (highly H3K27me3, and highly H3K27me1 and H3K9me2
respectively) were found to be inversely correlated, suggesting that H3K27me3 re-
presses TEs in the TP region and H3K9me2 and H3K27me1 represses TEs in the LR-PC
region (Figure 4.11). In Arabidopsis, TEs are repressed by H3K9me2 and H3K27me1
(Bernatavichute et al., 2008; Roudier et al., 2011), whereas H3K27me3 is an exclu-
sively genic mark (Zhang et al., 2007). As already described above, TE epigenetic
regulation in maize and human can vary depending on chromosomal location. In mice,
H3K27me3 was found to form large domains with enriched occupancy of genes, SINEs
and active histone modifications (Pauler et al., 2009). These domains are very similar
to the State 3 properties described by me in barley. For example, SINEs are the mostly
highly enriched TE class in this State (Figure 4.6B). Roudier et al (2011) showed that a
H3K27me3-enriched chromatin State is partially associated with TEs, though the nature
of these TE classes were not reported. It will be illuminating in the future to discover
whether other plant species exhibit differential epigenetic regulation of different TE
classes.
It is likely that some of the States reported by me have been mis-annotated because
of low sequencing depth for some modifications, particularly those targeted to repeats.
This could have led to under- or over-representation by me of some States in the barley
genome. Even with this is mind, the chromatin States defined have biological sense. It
is also possible that different combinations of modifications have not been identified,
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especially considering I only surveyed approximately one fifth of known chromatin
marks (Kouzarides, 2007). Roudier et al (2011) used 12 chromatin marks to identify
four chromatin States in Arabidopsis. Only 665 chromatin mark combinations out of a
possible 4096 (212) were observed. Of these, only 38 occurred 100 times or more. The
combinations were further distilled down to four chromatin states which cover 27% of
the Arabidopsis genome. Thus, there appears to be a limit to the number of functional
chromatin States in plants, also mirrored in humans and Drosophila (Ernst and Kellis,
2010; Kharchenko et al., 2011). Moreover, redundancy exists in the combinations and
more State definitions would provide finer detail but not add to the overarching biolog-
ical relevance (Baker, 2011).
5.4 Investigation of gene expression, diversity and epige-
nomics could assist crop development
Global climate change, increasing population, deforestation and biofuels all contribute
towards increased pressure on food security (Alexandratos, 2009). In order to feed the
predicted 9 billion people by the middle of the century, crop yields must increase in
ever worsening environmental conditions (Godfray et al., 2010). Our characterisation
of the barley LR-PC gene component and epigenome could one day be useful for crop
development. Epigenetic profiling of the barley genome could also be useful for crop
improvement, by applying the ChIP-seq protocol to different barley cultivars superior
epitypes may be identified (see below). The findings from Chapter 2 show gene diversity
is reduced in the LR-PC but gene expression is not. This indicates that genes in these
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regions may only be amenable to crop improvement by introducing new diversity from
wild barley.
The potential impact of genetic bottlenecking and inefficient purifying selection in 25%
of the barley gene complement upon crop performance is difficult to assess but may be
considerable. Furthermore, the many loci within the barley LR-PC region that are im-
portant for crop improvement are trapped in extended haplotypes which are extremely
difficult to break down by genetic crossing to achieve crop improvement. One promis-
ing solution to these problems is provided by the LR-PC regions of wild barley, which
have considerably more diversity, both genic and haplotype, than the cultivated gene
pool and should be considered as potential sources of new diversity for crop improve-
ment in barley and the other economically important Triticeae crops.
As recombination is greatly reduced in the PC regions, genes residing there are trapped
in large haplotypes which are hard break down. This makes LR genes resistant to im-
provement by traditional breeding methods. Moreover, the genic diversity in LR re-
gions is greatly reduced, indicating that there is a limit to crop improvement via LR
gene assortment. One possible way to introduce new beneficial LR alleles would be
introgression from wild barley. This is work currently under way in barley Nested
Association Mapping (NAM) lines (Schnaithmann et al., 2014) being studied in our
laboratory. These lines have chromosome segmental substitutions of wild barley into a
cultivar background. One such NAM line, HEB-5, has two exotic QTL alleles which
reduce leaf rust symptoms (Schnaithmann et al., 2014). Further analysis of other agro-
nomic traits in additional HEB lines could reveal more beneficial alleles. Furthermore,
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heterochromatic regions donated by wild barley likely represent a far more diverse al-
lelic pool than cultivated barley. The crossing of wild and cultivated barley may be the
best way to maximise the genetic potential in LR regions.
A new and exciting development in crop development is epigenetics. The hope is that
epigenetic information may be utilised to improve crops by selecting for beneficial epi-
genetic states, creating novel epialleles and regulating transgene expression (Springer,
2013). In order to be amenable to crop improvement, epigenetic information must be
inheritable and provide phenotypic variation. It is already well established that different
accessions of Arabidopsis, rice and maize exhibit differences in epigenetic status (Dong
et al., 2012; He et al., 2010; He et al., 2013). This variation could in principle be utilised
to breed the next generation of crops with superior epitype.
Conferring epigenetic advantage onto offspring requires heritability. Transgenerational
inheritance of epigenetic phenotypes has been reported in mice and C. elegans (Greer
et al., 2011; Morgan et al., 1999), though no molecular mechanisms for meiotic inheri-
tance of histone modifications have been elucidated. However, modes of mitotic inheri-
tance of some histone modifications has been determined. For example, Polycomb pro-
teins remain bound to chromatin during DNA replication in Drosophila and so trimethy-
lation of H3K27 can be transmitted through successive cell generations (Francis et al.,
2009). It is however unclear how, or if, histone modifications are mitotically and meiot-
ically inherited in plants. Evolutionary studies of H3K27me3 in Drosophila reveal that
the mark is preserved in orthologues at varying distances indicating the mark can be
conserved (Arthur et al., 2014). An exception to this is gene duplication. Sequence and
gene expression divergence is accompanied by H3K27me3 divergence (Arthur et al.,
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2014; Berke et al., 2012). Nathan Springer (2013) posits that if epigenetic modifica-
tions do exhibit Mendelian inheritance then they might be linked to genetic variants and
captured in existing ways, i.e. SNP-based improvement strategies. Much more research
needs to be performed to establish if histone modifications are meiotically inherited in a
Mendelian fashion before this avenue can be explored for crop improvement. However
there is a massive incentive to explore all possible ways of improving crops, especially
as genetically modifying crops is at present rejected by a large proportion of the popu-
lation.
5.5 Future work
5.5.1 Increasing the scope of this study to include DNA methyla-
tion, histone variants and other histone modifications
This study is only the beginning of the investigation of the barley epigenome. Just
nine of over 50 known histone modifications were surveyed (Kouzarides, 2007). Other
epigenetic modifications, DNA methylation and histone variants, have never been ex-
plored in barley. It is already clear that chromatin modifications massively impact gene
regulation and function. Most plant epigenetic research has been performed on Ara-
bidopsis but the extent to which knowledge learnt in that species can be applied to the
economically important crop plants is unclear.
Further study of histone modifications, histone variants, nucleosome positioning and
DNA methylation could illuminate the role of epigenetic modifications in the cereal
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genome. Barley is excellently placed to warrant such study due to its importance as a
model crop species. Large scale experiments such as ChIP-seq and DNA methylation
mapping undoubtedly offer a large breadth of information. Smaller scale experiments,
i.e. ChIP-qPCR, can focus on specific genes of interest (Oliver et al., 2009) and offer a
finer level of detail. These are best suited to follow-up studies once interesting candi-
date genes have been discovered. Additional epigenetic information could also inform
more refined chromatin State definitions and analyses. Ten modified histone-containing
chromatin States were identified by me and it is likely these do not likely represent all
the chromatin States in the barley genome. Finally, one mixed tissue was surveyed in
this study. Investigation of separate tissues would be invaluable to determine whether
epigenetic modifications are differentially enriched in different tissues in barley.
5.5.2 Investigation of the TP and GRI regions
One of the most unexpected results from this research was the demarcation of chromatin
in the barley chromosome arms into two regions. Identification and characterisation
of the genes within these regions could reveal much about the regions and why the
chromosome arms are divided in such a way. Gene ontology analysis could build on the
DGE results to determine if there some functional relevance. As H3K27me3 was found
to be the primary mark in the distinction of the TP and GRI regions, in-depth study
of this mark in particular would probably be useful. Identifying whether H3K27me3
is being used by the genome to repress TEs in the TP would be very interesting in a
species that has a large TE population. For this, combination of bioinformatics analyses
and expanded ChIP-seq experiments would likely be necessary.
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5.5.3 Identification of epitypes in barley
Epigenetic modifications represent a novel avenue for crop development. Surveying epi-
genetic modifications in different barley cultivars might help to identify variety-specific
epitypes which confer agronomic advantages. Study of wild barleys could also help de-
termine the natural variation that exists in the epitype pool. ChIP-seq coupled with field
trials may reveal epitypes that confer yield increases, stress resistance and efficient nu-
trient use. Furthermore, elucidating the mechanisms of epigenetic meiotic inheritance
could help breeding efforts to develop epigenetically superior lines.
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FIGURE A.1: Developmental and tissue-specific RNA expression levels are inde-
pendent of LR-PC residency. RNA levels (arbitrary units) for mapped barley pre-
sumptive genes (Druka et al., 2006) are plotted against corresponding linear order on
barley chromosomes. The approximate extents of the continuous LR-PC regions are
indicated by shading. (A) Average expression levels across chromosomes 1H-7H re-
spectively, for 15 tissue types, taken from a variety of developmental stages (Druka
et al., 2006). (B) Corresponding average developmental and/or tissue specificity quo-
tients across chromosomes 1H-7H respectively. (C) RNA levels across chromosome
1H for each of 15 developmental stages and tissue types.
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FIGURE A.2: pia and pis statistics among 14 diverse lines across the H. spontaneum
genome. Barley genes (Y axes) are plotted against their linear order (X axes) on the 7
barley chromosomes. The approximate extents of the LR-PC regions are indicated by
shading.
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FIGURE A.3: Transposable element distribution on chromosome 1H. The number
of TEs was counted in 1 Mb bins along the chromsome. Points correspond to the
number in each bin and lines are smoothing splines applied to the data in R.
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FIGURE A.4: Transposable element distribution on chromosome 3H. The number
of TEs was counted in 1 Mb bins along the chromsome. Points correspond to the
number in each bin and lines are smoothing splines applied to the data in R.
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FIGURE A.5: Transposable element distribution on chromosome 4H. The number
of TEs was counted in 1 Mb bins along the chromsome. Points correspond to the
number in each bin and lines are smoothing splines applied to the data in R.
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FIGURE A.6: Transposable element distribution on chromosome 5H. The number
of TEs was counted in 1 Mb bins along the chromsome. Points correspond to the
number in each bin and lines are smoothing splines applied to the data in R.
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FIGURE A.7: Transposable element distribution on chromosome 6H. The number
of TEs was counted in 1 Mb bins along the chromsome. Points correspond to the
number in each bin and lines are smoothing splines applied to the data in R.
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FIGURE A.8: Transposable element distribution on chromosome 7H. The number
of TEs was counted in 1 Mb bins along the chromsome. Points correspond to the
number in each bin and lines are smoothing splines applied to the data in R.
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FIGURE A.9: Relationship of recombination and TE density on chromosome 1H.
The number of TEs was counted in 1 Mb bins along the chromosome which gives the
density of TEs in 1 Mb bins. The mean recombination in each 1 Mb bin was also
calculated from local recombination rates estimated in 250 kb bins. The logs of the
(mean recombination + 1) and (TE density + 1) were plotted in R. A polynomial least
squares regression model was applied resulting in R2 values and quadratic regression
line.
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FIGURE A.10: Relationship of recombination and TE density on chromosome 3H.
The number of TEs was counted in 1 Mb bins along the chromosome which gives the
density of TEs in 1 Mb bins. The mean recombination in each 1 Mb bin was also
calculated from local recombination rates estimated in 250 kb bins. The logs of the
(mean recombination + 1) and (TE density + 1) were plotted in R. A polynomial least
squares regression model was applied resulting in R2 values and quadratic regression
line.
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FIGURE A.11: Relationship of recombination and TE density on chromosome 4H.
The number of TEs was counted in 1 Mb bins along the chromosome which gives the
density of TEs in 1 Mb bins. The mean recombination in each 1 Mb bin was also
calculated from local recombination rates estimated in 250 kb bins. The logs of the
(mean recombination + 1) and (TE density + 1) were plotted in R. A polynomial least
squares regression model was applied resulting in R2 values and quadratic regression
line.
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FIGURE A.12: Relationship of recombination and TE density on chromosome 5H.
The number of TEs was counted in 1 Mb bins along the chromosome which gives the
density of TEs in 1 Mb bins. The mean recombination in each 1 Mb bin was also
calculated from local recombination rates estimated in 250 kb bins. The logs of the
(mean recombination + 1) and (TE density + 1) were plotted in R. A polynomial least
squares regression model was applied resulting in R2 values and quadratic regression
line.
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FIGURE A.13: Relationship of recombination and TE density on chromosome 6H.
The number of TEs was counted in 1 Mb bins along the chromosome which gives the
density of TEs in 1 Mb bins. The mean recombination in each 1 Mb bin was also
calculated from local recombination rates estimated in 250 kb bins. The logs of the
(mean recombination + 1) and (TE density + 1) were plotted in R. A polynomial least
squares regression model was applied resulting in R2 values and quadratic regression
line.
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FIGURE A.14: Relationship of recombination and TE density on chromosome 7H.
The number of TEs was counted in 1 Mb bins along the chromosome which gives the
density of TEs in 1 Mb bins. The mean recombination in each 1 Mb bin was also
calculated from local recombination rates estimated in 250 kb bins. The logs of the
(mean recombination + 1) and (TE density + 1) were plotted in R. A polynomial least
squares regression model was applied resulting in R2 values and quadratic regression
line.
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FIGURE A.15: Sites of enrichment for H3K9me1 and H3K56ac on barley chromo-
some 1H from two different ChIP methods. JBrowse was used to visualise regions
of H3K9me1 and H3K56ac enrichment. Yellow: transcript density; Red: TE density;
Dark green: ChIP kit H3K9me1; Green: manual ChIP H3K9me1; Dark blue: ChIP kit
H3K56ac; Blue: manual ChIP H3K56ac.
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FIGURE A.16: Sites of enrichment for H3K9me1 and H3K56ac on barley chromo-
some 3H from two different ChIP methods. JBrowse was used to visualise regions
of H3K9me1 and H3K56ac enrichment. Yellow: transcript density; Red: TE density;
Dark green: ChIP kit H3K9me1; Green: manual ChIP H3K9me1; Dark blue: ChIP kit
H3K56ac; Blue: manual ChIP H3K56ac.
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FIGURE A.17: Sites of enrichment for H3K9me1 and H3K56ac on barley chromo-
some 4H from two different ChIP methods. JBrowse was used to visualise regions
of H3K9me1 and H3K56ac enrichment. Yellow: transcript density; Red: TE density;
Dark green: ChIP kit H3K9me1; Green: manual ChIP H3K9me1; Dark blue: ChIP kit
H3K56ac; Blue: manual ChIP H3K56ac.
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FIGURE A.18: Sites of enrichment for H3K9me1 and H3K56ac on barley chromo-
some 5H from two different ChIP methods. JBrowse was used to visualise regions
of H3K9me1 and H3K56ac enrichment. Yellow: transcript density; Red: TE density;
Dark green: ChIP kit H3K9me1; Green: manual ChIP H3K9me1; Dark blue: ChIP kit
H3K56ac; Blue: manual ChIP H3K56ac.
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FIGURE A.19: Sites of enrichment for H3K9me1 and H3K56ac on barley chromo-
some 6H from two different ChIP methods. JBrowse was used to visualise regions
of H3K9me1 and H3K56ac enrichment. Yellow: transcript density; Red: TE density;
Dark green: ChIP kit H3K9me1; Green: manual ChIP H3K9me1; Dark blue: ChIP kit
H3K56ac; Blue: manual ChIP H3K56ac.
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FIGURE A.20: Sites of enrichment for H3K9me1 and H3K56ac on barley chromo-
some 7H from two different ChIP methods. JBrowse was used to visualise regions
of H3K9me1 and H3K56ac enrichment. Yellow: transcript density; Red: TE density;
Dark green: ChIP kit H3K9me1; Green: manual ChIP H3K9me1; Dark blue: ChIP kit
H3K56ac; Blue: manual ChIP H3K56ac.
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FIGURE A.21: Visual examination of peaks revealed low coverage of reads at
called peaks in H3K9me1, H3K9ac, H4K5ac and H4K16ac. One peak region and
two read replicates each for H3K4me3, H3K9me1, H3K9ac, H4K5ac and H4K16ac
are shown.
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FIGURE A.22: Distributions of H4K5ac and H4K16ac on chromosome 1H. The
distributions of gene density, TE density (black histograms), H4K5ac density and
H4K16ac density (yellow histograms) are given for chromosome 1H. These active
marks exhibit an uncharacteristic LR-PC enrichment and so were excluded from fur-
ther analysis.
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FIGURE A.23: Densities of assigned peaks for histone modifications across barley
chromosome 2H. Local peak densities for the nine histone modifications re plotted
against pseudo-physical positions on barley chromosomes using JBrowse (see Chapter
4 Methods). Four Distribution Classes are described in Chapter 4. The distributions of
HC genes and are shown in black and the location of the LR-PC region (Baker et al.
2014) is indicated.
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FIGURE A.24: Densities of assigned peaks for histone modifications across barley
chromosome 3H. Local peak densities for the nine histone modifications re plotted
against pseudo-physical positions on barley chromosomes using JBrowse (see Chapter
4 Methods). Four Distribution Classes are described in Chapter 4. The distributions of
HC genes and are shown in black and the location of the LR-PC region (Baker et al.
2014) is indicated.
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FIGURE A.25: Densities of assigned peaks for histone modifications across barley
chromosome 4H. Local peak densities for the nine histone modifications re plotted
against pseudo-physical positions on barley chromosomes using JBrowse (see Chapter
4 Methods). Four Distribution Classes are described in Chapter 4. The distributions of
HC genes and are shown in black and the location of the LR-PC region (Baker et al.
2014) is indicated.
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FIGURE A.26: Densities of assigned peaks for histone modifications across barley
chromosome 5H. Local peak densities for the nine histone modifications re plotted
against pseudo-physical positions on barley chromosomes using JBrowse (see Chapter
4 Methods). Four Distribution Classes are described in Chapter 4. The distributions of
HC genes and are shown in black and the location of the LR-PC region (Baker et al.
2014) is indicated.
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FIGURE A.27: Densities of assigned peaks for histone modifications across barley
chromosome 6H. Local peak densities for the nine histone modifications re plotted
against pseudo-physical positions on barley chromosomes using JBrowse (see Chapter
4 Methods). Four Distribution Classes are described in Chapter 4. The distributions of
HC genes and are shown in black and the location of the LR-PC region (Baker et al.
2014) is indicated.
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FIGURE A.28: Densities of assigned peaks for histone modifications across barley
chromosome 7H. Local peak densities for the nine histone modifications re plotted
against pseudo-physical positions on barley chromosomes using JBrowse (see Chapter
4 Methods). Four Distribution Classes are described in Chapter 4. The distributions of
HC genes and are shown in black and the location of the LR-PC region (Baker et al.
2014) is indicated.
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FIGURE A.29: Principal components of peak sharing among nine histone modifi-
cations in barley. Weightings for the modified histones and percentage contributions
to the total variations are shown.
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FIGURE A.30: Differences in chromatin environment and genomic position
among barley TE classes. Fold enrichment differences in modified histones for all
annotated barley TE classes between genes (blue-green) and TEs (red) are shown. Dif-
ferences are expressed as Log10 of the percentage fold-change. Corresponding dis-
tributions of the annotated features on barley chromosome 2H are also shown, with
densities per Mbp and a smoothed trace. RNA-LTR = unknown LTR retrotransposon.
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FIGURE A.31: Absolute sizes of identified chromatin States in the barley genome.
The total size of chromatin States is given in Mb, along with the sizes (also in Mb)
of chromatin States enriched in high recombining (HR) and low recombining (LR)
regions.
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FIGURE A.32: High-order epigenomic structures of barley chromosomes. (A)
Chromatin States. Bars indicate the TP (green), GRI (magenta) and LR-PC (orange)
regions. (B) Gene density. (C) H3K27me3 peak density. (D) H3K4me3 peak density.
(E) H3K27me1 peak density. (F) H3K9me2 peak density. (G) gypsy TE density. (H)
copia TE density. (I) LINE TE density. (J) SINE TE density. (K) MITE TE density.
(L) CACTA TE density. (M) Mutator TE density. (N) PiF/Harbinger TE density. (O)
Tc1/Mariner TE density.
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FIGURE A.33: Comparison between recombination rate on barley chromosomes
and both epigenomic structure and gene density. Recombination rates are plotted in
windows of 0.25 Mbp (red line) and 2.5 Mbp (black line). Plots above and below the
chromatin State plot are identical. The green overlay (top) shows the H3K27me3 peak
density and the grey overlay (bottom) is the gene density.
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FIGURE A.34: H3K27me3 histone antibody validation. H3K27me3 modified hi-
stone spots are colour-coded green as shown in the key. The c-myc positive control
(purple) is also shown.
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FIGURE A.35: Histone modification positioning. The start and end points of peaks
within 1x length of transcript upstream and downstream were counted in bins of 0.002x
length of transcript. The thick lines are a smoothing spline applied to the data in R.
APPENDIX B
ADDITIONAL TABLES
Figure Page
B.1 Barley ohnologue pairs 259
B.2 Shared synteny blocks between Brachypodium and barley genomes 266
B.3
Quantification of Illumina DNA libraries
267
Quantification of Illumina DNA libraries
B.4 Sequencing and read mapping summary for kit ChIP method 268
258
Appendix B. Additional tables 259
Q
ue
ry
 G
en
e 
H
it 
ge
ne
 
O
hn
ol
og
 
pa
ir 
ty
pe
a  
G
en
e 
na
m
e 
ch
r 
cM
 
Ph
ys
ic
al
 
m
ap
 
po
si
tio
n 
bp
 
G
en
om
ic
 
co
m
pa
rt
m
en
ta
 
G
en
e 
na
m
e 
ch
r 
cM
 
Ph
ys
ic
al
 
m
ap
 
po
si
tio
n 
(b
p)
 
G
en
om
ic
 
co
m
pa
rt
m
en
ta
 
AK
36
92
82
 
1 
48
.9
38
 
26
33
16
48
0 
H
R
 
AK
36
83
48
 
4 
10
4.
58
2 
53
08
97
32
0 
H
R
 
H
R
-H
R
 
M
LO
C
_5
42
74
.2
 
1 
50
.1
77
 
27
69
23
00
0 
H
R
 
AK
36
88
83
 
4 
99
.0
79
 
51
95
37
68
0 
H
R
 
H
R
-H
R
 
M
LO
C
_6
40
04
.1
 
1 
49
.9
85
 
27
64
12
12
0 
H
R
 
M
LO
C
_5
89
22
.1
 
4 
97
.5
57
 
51
35
98
08
0 
H
R
 
H
R
-H
R
 
M
LO
C
_7
56
15
.1
 
1 
51
.5
58
 
28
85
71
56
0 
H
R
 
AK
35
36
86
 
4 
97
.6
10
 
51
35
98
08
0 
H
R
 
H
R
-H
R
 
M
LO
C
_5
33
57
.1
 
1 
49
.5
32
 
27
16
23
24
0 
H
R
 
M
LO
C
_5
88
92
.3
 
4 
11
2.
53
5 
53
94
69
44
0 
H
R
 
H
R
-H
R
 
M
LO
C
_6
79
26
.1
 
1 
50
.8
50
 
28
41
68
32
0 
H
R
 
AK
25
19
31
.1
 
4 
11
2.
53
5 
53
89
63
52
0 
H
R
 
H
R
-H
R
 
AK
25
21
57
.1
 
1 
50
.8
50
 
28
41
68
32
0 
H
R
 
AK
37
39
65
 
4 
11
2.
96
0 
53
94
69
44
0 
H
R
 
H
R
-H
R
 
M
LO
C
_7
01
89
.1
 
1 
51
.4
87
 
28
74
40
68
0 
H
R
 
AK
37
62
21
 
4 
11
3.
73
9 
54
14
43
52
0 
H
R
 
H
R
-H
R
 
M
LO
C
_4
35
4.
1 
1 
52
.6
91
 
29
76
68
20
0 
H
R
 
M
LO
C
_6
69
75
.3
 
4 
11
2.
11
9 
53
65
88
92
0 
H
R
 
H
R
-H
R
 
AK
25
03
65
.1
 
1 
52
.7
62
 
30
03
54
04
0 
H
R
 
M
LO
C
_4
37
19
.2
 
4 
11
2.
32
7 
53
89
63
52
0 
H
R
 
H
R
-H
R
 
M
LO
C
_6
61
20
.2
 
1 
55
.4
12
 
31
36
97
68
0 
H
R
 
M
LO
C
_5
32
15
.1
 
3 
13
3.
14
4 
53
64
06
64
0 
H
R
 
H
R
-H
R
 
M
LO
C
_4
92
6.
1 
1 
57
.2
95
 
32
34
67
64
0 
H
R
 
M
LO
C
_4
35
2.
1 
3 
13
7.
07
5 
54
11
85
60
0 
H
R
 
H
R
-H
R
 
M
LO
C
_6
27
46
.1
 
1 
55
.2
76
 
31
18
89
76
0 
H
R
 
AK
35
69
72
 
3 
13
7.
07
5 
54
11
85
60
0 
H
R
 
H
R
-H
R
 
M
LO
C
_6
08
40
.1
 
1 
54
.2
32
 
30
99
19
40
0 
H
R
 
AK
35
63
79
 
3 
13
9.
58
9 
54
40
87
20
0 
H
R
 
H
R
-H
R
 
M
LO
C
_6
17
83
.1
 
1 
54
.2
32
 
30
99
19
40
0 
H
R
 
M
LO
C
_4
80
5.
1 
3 
13
9.
58
9 
54
48
91
96
0 
H
R
 
H
R
-H
R
 
AK
37
41
54
 
1 
61
.5
09
 
36
10
19
80
0 
H
R
 
AK
37
57
10
 
3 
10
8.
42
8 
50
86
90
16
0 
H
R
 
H
R
-H
R
 
M
LO
C
_6
11
56
.1
 
1 
61
.5
09
 
36
10
19
80
0 
H
R
 
AK
37
36
07
 
3 
10
8.
42
8 
50
86
90
16
0 
H
R
 
H
R
-H
R
 
M
LO
C
_6
14
66
.1
 
1 
61
.4
20
 
35
86
08
00
0 
H
R
 
M
LO
C
_5
72
14
.1
 
3 
10
8.
32
2 
50
66
88
80
0 
H
R
 
H
R
-H
R
 
M
LO
C
_6
96
21
.2
 
1 
61
.1
54
 
35
73
49
40
0 
H
R
 
M
LO
C
_5
72
15
.1
 
3 
10
8.
32
2 
50
66
88
80
0 
H
R
 
H
R
-H
R
 
M
LO
C
_3
77
61
.1
 
1 
60
.8
36
 
35
00
63
16
0 
H
R
 
M
LO
C
_6
81
43
.1
 
3 
10
8.
42
8 
50
66
88
80
0 
H
R
 
H
R
-H
R
 
AK
36
29
44
 
1 
61
.1
54
 
35
73
49
40
0 
H
R
 
M
LO
C
_3
77
3.
1 
3 
10
8.
56
9 
50
86
90
16
0 
H
R
 
H
R
-H
R
 
M
LO
C
_6
37
43
.1
 
1 
60
.9
95
 
35
43
80
84
0 
H
R
 
AK
36
28
92
 
3 
10
9.
01
2 
51
00
61
60
0 
H
R
 
H
R
-H
R
 
M
LO
C
_4
45
13
.2
 
1 
60
.9
95
 
35
43
80
84
0 
H
R
 
M
LO
C
_5
92
61
.1
 
3 
10
8.
88
8 
50
92
94
04
0 
H
R
 
H
R
-H
R
 
M
LO
C
_7
32
07
.1
 
1 
61
.1
54
 
35
73
49
40
0 
H
R
 
AK
36
41
24
 
3 
10
8.
88
8 
50
92
94
04
0 
H
R
 
H
R
-H
R
 
AK
24
97
44
.1
 
1 
65
.6
58
 
36
44
83
12
0 
H
R
 
AK
25
14
47
.1
 
3 
72
.3
44
 
45
61
79
88
0 
H
R
 
H
R
-H
R
 
AK
25
06
95
.1
 
1 
67
.3
34
 
37
39
65
40
0 
H
R
 
M
LO
C
_8
12
33
.1
 
3 
73
.0
88
 
45
77
98
08
0 
H
R
 
H
R
-H
R
 
M
LO
C
_5
38
22
.1
 
1 
72
.3
80
 
38
93
64
96
0 
H
R
 
M
LO
C
_6
25
2.
1 
3 
74
.7
15
 
46
19
34
72
0 
H
R
 
H
R
-H
R
 
M
LO
C
_6
27
65
.1
 
1 
70
.8
92
 
38
32
76
56
0 
H
R
 
AK
35
78
64
 
3 
73
.1
59
 
45
95
24
16
0 
H
R
 
H
R
-H
R
 
AK
36
82
52
 
1 
71
.4
12
 
38
50
54
72
0 
H
R
 
M
LO
C
_1
95
61
.1
 
3 
75
.7
08
 
46
54
97
24
0 
H
R
 
H
R
-H
R
 
M
LO
C
_7
15
67
.1
 
1 
72
.5
92
 
39
15
03
96
0 
H
R
 
M
LO
C
_5
16
55
.7
 
3 
75
.9
56
 
46
81
40
92
0 
H
R
 
H
R
-H
R
 
M
LO
C
_5
56
11
.1
 
1 
72
.5
92
 
39
15
03
96
0 
H
R
 
M
LO
C
_1
60
86
.1
 
3 
76
.1
33
 
47
03
96
48
0 
H
R
 
H
R
-H
R
 
AK
36
69
15
 
1 
72
.3
80
 
38
91
10
76
0 
H
R
 
AK
37
58
38
 
3 
76
.0
62
 
46
81
40
92
0 
H
R
 
H
R
-H
R
 
AK
37
20
18
 
1 
72
.0
82
 
38
54
13
08
0 
H
R
 
AK
36
71
33
 
3 
77
.4
08
 
47
15
28
60
0 
H
R
 
H
R
-H
R
 
M
LO
C
_5
59
31
.1
 
1 
73
.1
23
 
39
27
62
56
0 
H
R
 
AK
37
68
11
 
3 
77
.6
91
 
47
24
33
80
0 
H
R
 
H
R
-H
R
 
AK
35
41
85
 
1 
79
.3
81
 
39
97
45
00
0 
H
R
 
M
LO
C
_4
42
31
.1
 
3 
10
0.
28
3 
49
96
71
64
0 
H
R
 
H
R
-H
R
 
AK
25
27
30
.1
 
1 
80
.2
41
 
39
97
45
00
0 
H
R
 
AK
35
39
14
 
3 
98
.2
29
 
49
92
89
72
0 
H
R
 
H
R
-H
R
 
AK
35
40
90
 
1 
79
.5
61
 
39
97
45
00
0 
H
R
 
AK
37
18
05
 
3 
98
.2
29
 
49
92
89
72
0 
H
R
 
H
R
-H
R
 
AK
35
59
01
 
1 
80
.2
41
 
39
97
45
00
0 
H
R
 
AK
37
21
20
 
3 
98
.2
29
 
49
92
89
72
0 
H
R
 
H
R
-H
R
 
TABLE B.1: Barley ohnologue pairs.
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AK
35
79
82
 
1 
80
.2
41
 
39
97
45
00
0 
H
R
 
M
LO
C
_7
24
28
.4
 
3 
98
.2
29
 
49
92
89
72
0 
H
R
 
H
R
-H
R
 
AK
37
36
85
 
1 
81
.5
24
 
40
24
50
68
0 
H
R
 
AK
36
25
05
 
3 
98
.2
29
 
49
92
89
72
0 
H
R
 
H
R
-H
R
 
AK
25
09
37
.1
 
1 
83
.5
69
 
40
45
94
64
0 
H
R
 
AK
37
27
62
 
3 
96
.4
24
 
49
32
00
08
0 
H
R
 
H
R
-H
R
 
AK
37
20
00
 
1 
82
.5
07
 
40
45
94
64
0 
H
R
 
AK
36
18
97
 
3 
96
.4
24
 
49
26
22
24
0 
H
R
 
H
R
-H
R
 
AK
36
27
52
 
1 
79
.6
74
 
39
97
45
00
0 
H
R
 
AK
36
13
72
 
3 
96
.6
01
 
49
68
30
80
0 
H
R
 
H
R
-H
R
 
AK
24
91
54
.1
 
1 
82
.5
07
 
40
37
67
56
0 
H
R
 
M
LO
C
_3
77
63
.1
 
3 
96
.4
59
 
49
64
20
36
0 
H
R
 
H
R
-H
R
 
AK
36
62
05
 
1 
86
.4
73
 
40
79
71
16
0 
H
R
 
M
LO
C
_3
50
96
.3
 
3 
96
.4
59
 
49
40
69
32
0 
H
R
 
H
R
-H
R
 
AK
24
82
39
.1
 
1 
86
.4
73
 
41
08
70
28
0 
H
R
 
AK
36
03
84
 
3 
90
.6
52
 
48
95
32
16
0 
H
R
 
H
R
-H
R
 
M
LO
C
_7
06
59
.2
 
1 
85
.7
52
 
40
75
18
56
0 
H
R
 
M
LO
C
_9
83
5.
2 
3 
90
.7
58
 
48
95
32
16
0 
H
R
 
H
R
-H
R
 
M
LO
C
_4
80
0.
1 
1 
85
.7
52
 
40
75
18
56
0 
H
R
 
AK
36
38
38
 
3 
90
.6
52
 
48
95
32
16
0 
H
R
 
H
R
-H
R
 
M
LO
C
_7
95
8.
1 
1 
85
.7
52
 
40
75
18
56
0 
H
R
 
AK
35
47
19
 
3 
90
.0
14
 
48
46
21
76
0 
H
R
 
H
R
-H
R
 
AK
25
21
95
.1
 
1 
86
.4
73
 
41
03
84
20
0 
H
R
 
AK
36
49
02
 
3 
90
.0
14
 
48
66
16
92
0 
H
R
 
H
R
-H
R
 
AK
35
46
59
 
1 
86
.4
73
 
40
79
71
16
0 
H
R
 
M
LO
C
_2
96
8.
2 
3 
90
.0
14
 
48
66
16
92
0 
H
R
 
H
R
-H
R
 
M
LO
C
_3
67
86
.1
 
1 
86
.4
73
 
41
03
84
20
0 
H
R
 
M
LO
C
_5
32
6.
1 
3 
87
.9
60
 
48
20
06
60
0 
H
R
 
H
R
-H
R
 
AK
24
93
26
.1
 
1 
86
.6
86
 
41
28
41
88
0 
H
R
 
AK
35
84
38
 
3 
87
.3
94
 
47
91
54
60
0 
H
R
 
H
R
-H
R
 
M
LO
C
_5
27
91
.4
 
1 
88
.2
44
 
41
50
96
20
0 
H
R
 
M
LO
C
_6
73
13
.1
 
3 
87
.3
94
 
48
00
42
44
0 
H
R
 
H
R
-H
R
 
M
LO
C
_5
27
90
.1
 
1 
88
.2
44
 
41
50
96
20
0 
H
R
 
AK
35
39
02
 
3 
87
.3
94
 
48
00
42
44
0 
H
R
 
H
R
-H
R
 
AK
37
07
56
 
1 
86
.9
69
 
41
28
41
88
0 
H
R
 
AK
36
24
55
 
3 
86
.3
67
 
47
91
54
60
0 
H
R
 
H
R
-H
R
 
M
LO
C
_7
35
32
.1
 
1 
86
.4
73
 
41
08
70
28
0 
H
R
 
M
LO
C
_1
12
57
.1
 
3 
87
.9
60
 
48
16
90
40
0 
H
R
 
H
R
-H
R
 
AK
37
70
48
 
1 
86
.4
73
 
40
79
71
16
0 
H
R
 
M
LO
C
_6
39
02
.1
 
3 
84
.3
85
 
47
74
22
32
0 
H
R
 
H
R
-H
R
 
M
LO
C
_6
65
23
.5
 
1 
95
.1
84
 
42
53
96
88
0 
H
R
 
AK
37
47
25
 
3 
67
.9
89
 
44
80
46
72
0 
H
R
 
H
R
-H
R
 
M
LO
C
_6
25
91
.1
 
1 
95
.6
09
 
42
83
38
16
0 
H
R
 
M
LO
C
_6
30
31
.2
 
3 
67
.9
89
 
44
80
46
72
0 
H
R
 
H
R
-H
R
 
AK
24
93
27
.1
 
1 
95
.6
09
 
42
53
96
88
0 
H
R
 
M
LO
C
_5
11
42
.2
 
3 
68
.2
01
 
45
24
20
20
0 
H
R
 
H
R
-H
R
 
M
LO
C
_1
89
33
.1
 
1 
95
.6
09
 
42
53
96
88
0 
H
R
 
M
LO
C
_6
48
49
.1
 
3 
68
.2
01
 
45
09
29
72
0 
H
R
 
H
R
-H
R
 
M
LO
C
_6
81
23
.3
 
1 
93
.6
97
 
42
33
06
24
0 
H
R
 
M
LO
C
_6
55
09
.2
 
3 
67
.9
18
 
44
74
66
40
0 
H
R
 
H
R
-H
R
 
AK
36
32
53
 
1 
95
.6
09
 
42
53
96
88
0 
H
R
 
AK
36
22
12
 
3 
64
.8
02
 
44
10
85
36
0 
H
R
 
H
R
-H
R
 
AK
37
40
68
 
1 
95
.6
09
 
42
53
96
88
0 
H
R
 
AK
36
65
84
 
3 
67
.6
35
 
44
56
99
40
0 
H
R
 
H
R
-H
R
 
AK
37
51
66
 
1 
94
.6
18
 
42
38
64
24
0 
H
R
 
AK
36
30
19
 
3 
64
.8
73
 
44
46
93
76
0 
H
R
 
H
R
-H
R
 
AK
36
08
42
 
1 
93
.6
97
 
42
33
06
24
0 
H
R
 
M
LO
C
_6
49
75
.2
 
3 
53
.0
63
 
36
66
75
44
0 
H
R
 
H
R
-H
R
 
AK
35
74
87
 
1 
93
.3
78
 
42
33
06
24
0 
H
R
 
AK
35
48
06
 
3 
62
.9
60
 
43
58
24
04
0 
H
R
 
H
R
-H
R
 
AK
37
62
94
 
1 
93
.0
59
 
42
19
50
92
0 
H
R
 
M
LO
C
_7
55
54
.1
 
3 
62
.9
60
 
43
58
24
04
0 
H
R
 
H
R
-H
R
 
M
LO
C
_5
57
38
.1
 
1 
94
.3
34
 
42
36
39
80
0 
H
R
 
M
LO
C
_8
15
02
.2
 
3 
62
.6
77
 
43
43
79
44
0 
H
R
 
H
R
-H
R
 
M
LO
C
_5
49
08
.1
 
1 
92
.4
93
 
41
96
28
40
0 
H
R
 
M
LO
C
_6
16
86
.3
 
3 
61
.8
98
 
42
86
99
00
0 
H
R
 
H
R
-H
R
 
AK
37
67
68
 
1 
91
.1
47
 
41
77
77
08
0 
H
R
 
M
LO
C
_5
87
25
.1
 
3 
61
.8
98
 
42
66
57
96
0 
H
R
 
H
R
-H
R
 
M
LO
C
_6
19
96
.2
 
1 
90
.2
97
 
41
65
29
64
0 
H
R
 
AK
36
64
62
 
3 
61
.8
98
 
42
91
33
00
0 
H
R
 
H
R
-H
R
 
AK
36
95
82
 
1 
92
.4
93
 
41
96
28
40
0 
H
R
 
M
LO
C
_6
45
03
.1
 
3 
59
.6
32
 
42
09
06
84
0 
H
R
 
H
R
-H
R
 
AK
36
98
41
 
1 
90
.2
97
 
41
65
29
64
0 
H
R
 
M
LO
C
_6
80
83
.6
 
3 
59
.6
32
 
42
09
06
84
0 
H
R
 
H
R
-H
R
 
M
LO
C
_1
54
77
.1
 
1 
95
.6
09
 
42
83
38
16
0 
H
R
 
M
LO
C
_1
97
42
.1
 
3 
59
.2
78
 
41
17
17
20
0 
H
R
 
H
R
-H
R
 
AK
25
09
31
.1
 
1 
10
4.
99
3 
43
65
46
96
0 
H
R
 
M
LO
C
_7
68
94
.1
 
3 
61
.6
50
 
42
61
13
60
0 
H
R
 
H
R
-H
R
 
AK
36
59
29
 
1 
10
3.
82
4 
43
57
38
48
0 
H
R
 
M
LO
C
_7
46
47
.1
 
3 
61
.8
98
 
42
66
57
96
0 
H
R
 
H
R
-H
R
 
AK
36
80
20
 
1 
10
3.
82
4 
43
45
15
84
0 
H
R
 
AK
36
34
57
 
3 
60
.8
36
 
42
58
19
72
0 
H
R
 
H
R
-H
R
 
M
LO
C
_3
24
33
.1
 
1 
10
3.
82
4 
43
57
38
48
0 
H
R
 
M
LO
C
_5
49
50
.1
 
3 
61
.8
27
 
42
66
57
96
0 
H
R
 
H
R
-H
R
 
AK
36
99
34
 
1 
10
3.
82
4 
43
57
38
48
0 
H
R
 
M
LO
C
_1
32
43
.1
 
3 
59
.6
32
 
41
70
66
56
0 
H
R
 
H
R
-H
R
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AK
35
85
21
 
1 
10
1.
06
2 
43
45
15
84
0 
H
R
 
M
LO
C
_7
47
07
.2
 
3 
59
.1
36
 
41
17
17
20
0 
H
R
 
H
R
-H
R
 
M
LO
C
_6
59
86
.1
 
1 
10
1.
06
2 
43
45
15
84
0 
H
R
 
M
LO
C
_5
13
59
.1
 
3 
59
.1
36
 
41
17
17
20
0 
H
R
 
H
R
-H
R
 
AK
36
89
51
 
1 
10
0.
92
1 
43
24
22
72
0 
H
R
 
M
LO
C
_5
61
48
.2
 
3 
57
.5
42
 
40
72
17
24
0 
H
R
 
H
R
-H
R
 
M
LO
C
_6
14
54
.3
 
1 
10
1.
06
2 
43
45
15
84
0 
H
R
 
M
LO
C
_5
66
55
.1
 
3 
57
.5
07
 
40
72
17
24
0 
H
R
 
H
R
-H
R
 
M
LO
C
_1
96
86
.5
 
1 
10
0.
85
0 
43
24
22
72
0 
H
R
 
M
LO
C
_5
68
93
.7
 
3 
57
.4
36
 
40
61
12
40
0 
H
R
 
H
R
-H
R
 
AK
25
03
78
.1
 
1 
10
0.
14
2 
43
06
24
72
0 
H
R
 
M
LO
C
_7
61
2.
1 
3 
55
.8
07
 
39
87
71
60
0 
H
R
 
H
R
-H
R
 
M
LO
C
_7
24
42
.1
 
1 
90
.2
97
 
41
65
29
64
0 
H
R
 
M
LO
C
_4
75
3.
2 
3 
55
.8
07
 
39
87
71
60
0 
H
R
 
H
R
-H
R
 
M
LO
C
_4
46
06
.1
 
1 
10
0.
07
1 
43
01
62
20
0 
H
R
 
M
LO
C
_3
77
76
.4
 
3 
55
.7
37
 
39
67
82
64
0 
H
R
 
H
R
-H
R
 
M
LO
C
_3
64
20
.1
 
1 
10
0.
07
1 
43
01
62
20
0 
H
R
 
AK
35
35
59
 
3 
55
.7
37
 
39
67
82
64
0 
H
R
 
H
R
-H
R
 
M
LO
C
_1
15
69
.1
 
1 
93
.1
23
 
42
22
90
68
0 
H
R
 
M
LO
C
_2
05
9.
2 
3 
56
.1
97
 
39
97
28
88
0 
H
R
 
H
R
-H
R
 
AK
35
60
92
 
1 
95
.4
67
 
42
53
96
88
0 
H
R
 
M
LO
C
_1
93
32
.3
 
3 
56
.4
45
 
39
97
28
88
0 
H
R
 
H
R
-H
R
 
M
LO
C
_6
64
15
.3
 
1 
95
.6
09
 
42
53
96
88
0 
H
R
 
AK
36
63
22
 
3 
53
.2
58
 
37
51
90
52
0 
H
R
 
H
R
-H
R
 
AK
24
85
01
.1
 
1 
95
.6
09
 
42
53
96
88
0 
H
R
 
M
LO
C
_6
47
27
.3
 
3 
53
.2
58
 
37
51
90
52
0 
H
R
 
H
R
-H
R
 
M
LO
C
_6
04
75
.1
 
1 
10
6.
72
8 
43
97
56
08
0 
H
R
 
M
LO
C
_6
25
70
.3
 
3 
54
.2
14
 
38
39
52
36
0 
H
R
 
H
R
-H
R
 
AK
35
88
66
 
1 
10
6.
72
8 
43
97
56
08
0 
H
R
 
M
LO
C
_5
73
88
.1
 
3 
54
.2
14
 
38
39
52
36
0 
H
R
 
H
R
-H
R
 
M
LO
C
_5
49
26
.1
 
1 
10
6.
16
1 
43
97
56
08
0 
H
R
 
AK
25
03
59
.1
 
3 
53
.2
58
 
37
76
56
88
0 
H
R
 
H
R
-H
R
 
M
LO
C
_5
90
75
.1
 
1 
11
1.
82
7 
44
25
57
24
0 
H
R
 
M
LO
C
_1
21
56
.1
 
3 
52
.6
20
 
35
95
07
00
0 
H
R
 
H
R
-H
R
 
M
LO
C
_5
34
71
.2
 
1 
11
7.
49
3 
44
72
76
68
0 
H
R
 
M
LO
C
_1
29
53
.1
 
3 
53
.0
63
 
36
66
75
44
0 
H
R
 
H
R
-H
R
 
AK
36
85
08
 
1 
11
6.
28
9 
44
43
78
80
0 
H
R
 
M
LO
C
_1
51
73
.1
 
3 
52
.9
40
 
36
44
90
56
0 
H
R
 
H
R
-H
R
 
M
LO
C
_2
57
74
.1
 
1 
11
7.
49
3 
44
72
76
68
0 
H
R
 
M
LO
C
_7
82
36
.1
 
3 
52
.9
40
 
36
44
90
56
0 
H
R
 
H
R
-H
R
 
M
LO
C
_6
25
64
.2
 
1 
11
7.
49
3 
44
72
76
68
0 
H
R
 
M
LO
C
_6
54
17
.5
 
3 
52
.9
40
 
36
44
90
56
0 
H
R
 
H
R
-H
R
 
M
LO
C
_5
94
85
.1
 
1 
11
7.
49
3 
44
72
76
68
0 
H
R
 
M
LO
C
_6
44
87
.1
 
3 
52
.9
40
 
36
44
90
56
0 
H
R
 
H
R
-H
R
 
M
LO
C
_5
76
40
.2
 
1 
11
8.
74
6 
44
91
24
28
0 
H
R
 
M
LO
C
_5
48
.2
 
3 
52
.6
20
 
35
91
37
48
0 
H
R
 
H
R
-H
R
 
AK
24
99
44
.1
 
1 
11
9.
32
7 
44
98
89
36
0 
H
R
 
M
LO
C
_5
83
5.
2 
3 
53
.2
58
 
37
42
25
80
0 
H
R
 
H
R
-H
R
 
M
LO
C
_3
67
52
.2
 
1 
11
9.
68
8 
45
29
47
20
0 
H
R
 
M
LO
C
_4
60
9.
1 
3 
52
.4
43
 
35
69
51
36
0 
H
R
 
H
R
-H
R
 
AK
35
44
70
 
1 
11
9.
68
8 
45
29
47
20
0 
H
R
 
AK
24
83
63
.1
 
3 
53
.2
58
 
36
72
86
76
0 
H
R
 
H
R
-H
R
 
AK
37
33
90
 
2 
22
.1
67
 
24
78
76
00
 
H
R
 
M
LO
C
_1
09
63
.3
 
4 
54
.3
20
 
37
69
82
32
0 
H
R
 
H
R
-H
R
 
AK
37
46
37
 
2 
23
.1
59
 
25
54
02
80
 
H
R
 
M
LO
C
_6
68
75
.1
 
4 
52
.4
79
 
35
38
22
84
0 
H
R
 
H
R
-H
R
 
M
LO
C
_5
11
99
.2
 
2 
58
.7
82
 
44
41
74
20
0 
H
R
 
M
LO
C
_1
79
99
.1
 
6 
56
.8
17
 
35
44
85
00
0 
H
R
 
H
R
-H
R
 
M
LO
C
_5
77
06
.1
 
2 
62
.4
65
 
47
36
05
60
0 
H
R
 
M
LO
C
_5
49
66
.1
 
6 
55
.9
67
 
33
63
27
68
0 
H
R
 
H
R
-H
R
 
AK
36
30
87
 
2 
64
.4
48
 
47
86
43
72
0 
H
R
 
M
LO
C
_6
73
03
.1
 
6 
55
.5
24
 
32
57
13
28
0 
H
R
 
H
R
-H
R
 
AK
37
33
68
 
2 
66
.3
60
 
48
62
47
40
0 
H
R
 
M
LO
C
_3
96
32
.1
 
6 
50
.8
50
 
87
92
71
60
 
H
R
 
H
R
-H
R
 
AK
35
48
79
 
2 
65
.3
68
 
48
50
03
68
0 
H
R
 
M
LO
C
_3
33
5.
2 
6 
55
.5
24
 
31
45
90
48
0 
H
R
 
H
R
-H
R
 
AK
37
53
82
 
2 
67
.9
18
 
49
13
92
16
0 
H
R
 
M
LO
C
_5
40
44
.1
 
6 
55
.5
24
 
31
76
04
92
0 
H
R
 
H
R
-H
R
 
M
LO
C
_6
98
15
.1
 
2 
68
.5
55
 
49
38
62
24
0 
H
R
 
M
LO
C
_5
53
72
.2
 
6 
56
.4
09
 
35
01
36
32
0 
H
R
 
H
R
-H
R
 
M
LO
C
_7
07
54
.1
 
2 
70
.8
22
 
49
91
69
44
0 
H
R
 
M
LO
C
_7
09
27
.2
 
6 
56
.0
38
 
33
92
71
44
0 
H
R
 
H
R
-H
R
 
AK
24
85
16
.1
 
2 
68
.5
55
 
49
53
96
12
0 
H
R
 
M
LO
C
_9
93
7.
4 
6 
55
.5
24
 
32
12
02
16
0 
H
R
 
H
R
-H
R
 
M
LO
C
_1
70
10
.1
 
2 
69
.3
70
 
49
63
39
76
0 
H
R
 
M
LO
C
_5
59
67
.1
 
6 
55
.5
24
 
31
51
32
36
0 
H
R
 
H
R
-H
R
 
AK
37
64
53
 
2 
67
.9
18
 
49
29
32
24
0 
H
R
 
M
LO
C
_5
59
60
.2
 
6 
55
.5
24
 
32
57
13
28
0 
H
R
 
H
R
-H
R
 
AK
37
05
79
 
2 
70
.8
22
 
50
16
17
20
0 
H
R
 
AK
35
41
86
 
6 
55
.5
24
 
32
03
52
76
0 
H
R
 
H
R
-H
R
 
AK
35
39
29
 
2 
72
.4
50
 
50
39
37
24
0 
H
R
 
AK
36
86
57
 
6 
56
.7
81
 
35
40
08
84
0 
H
R
 
H
R
-H
R
 
M
LO
C
_1
92
04
.1
 
2 
72
.5
92
 
50
39
37
24
0 
H
R
 
AK
37
33
28
 
6 
56
.7
81
 
35
40
08
84
0 
H
R
 
H
R
-H
R
 
AK
25
26
00
.1
 
2 
74
.1
50
 
50
98
79
32
0 
H
R
 
M
LO
C
_1
38
71
.1
 
6 
56
.4
45
 
35
20
64
52
0 
H
R
 
H
R
-H
R
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M
LO
C
_6
36
6.
1 
2 
74
.2
92
 
51
20
36
92
0 
H
R
 
M
LO
C
_6
43
44
.3
 
6 
57
.1
88
 
35
77
73
48
0 
H
R
 
H
R
-H
R
 
M
LO
C
_1
94
0.
1 
2 
74
.2
92
 
51
20
36
92
0 
H
R
 
M
LO
C
_6
82
81
.1
 
6 
57
.1
88
 
35
77
73
48
0 
H
R
 
H
R
-H
R
 
M
LO
C
_3
72
27
.2
 
2 
74
.2
92
 
51
20
36
92
0 
H
R
 
AK
35
78
48
 
6 
56
.4
09
 
34
85
83
84
0 
H
R
 
H
R
-H
R
 
M
LO
C
_1
25
0.
1 
2 
76
.0
62
 
51
87
15
56
0 
H
R
 
M
LO
C
_5
14
9.
1 
6 
56
.4
09
 
34
37
99
92
0 
H
R
 
H
R
-H
R
 
M
LO
C
_5
49
37
.1
 
2 
76
.0
62
 
51
87
15
56
0 
H
R
 
AK
36
23
81
 
6 
61
.6
86
 
41
89
04
24
0 
H
R
 
H
R
-H
R
 
M
LO
C
_1
66
93
.3
 
2 
76
.0
62
 
51
87
15
56
0 
H
R
 
AK
37
32
95
 
6 
55
.5
24
 
31
19
66
64
0 
H
R
 
H
R
-H
R
 
M
LO
C
_6
19
59
.1
 
2 
77
.2
66
 
52
25
29
80
0 
H
R
 
M
LO
C
_5
31
6.
1 
6 
59
.7
91
 
36
67
89
52
0 
H
R
 
H
R
-H
R
 
M
LO
C
_7
75
11
.1
 
2 
80
.3
12
 
52
46
97
32
0 
H
R
 
M
LO
C
_5
77
96
.1
 
6 
64
.0
58
 
43
42
76
52
0 
H
R
 
H
R
-H
R
 
M
LO
C
_5
75
66
.3
 
2 
87
.6
42
 
54
01
17
96
0 
H
R
 
M
LO
C
_6
35
86
.3
 
6 
60
.6
23
 
41
56
34
36
0 
H
R
 
H
R
-H
R
 
M
LO
C
_4
40
62
.1
 
2 
87
.6
42
 
54
01
17
96
0 
H
R
 
M
LO
C
_6
14
20
.1
 
6 
59
.6
67
 
36
57
36
76
0 
H
R
 
H
R
-H
R
 
AK
37
43
08
 
2 
85
.9
77
 
53
54
95
24
0 
H
R
 
M
LO
C
_6
09
58
.1
 
6 
60
.6
23
 
41
10
29
00
0 
H
R
 
H
R
-H
R
 
AK
37
15
51
 
2 
99
.2
57
 
56
83
10
60
0 
H
R
 
M
LO
C
_7
05
31
.1
 
6 
63
.8
81
 
43
42
76
52
0 
H
R
 
H
R
-H
R
 
AK
35
47
63
 
2 
10
7.
15
3 
57
89
99
40
0 
H
R
 
M
LO
C
_4
84
3.
1 
6 
63
.4
56
 
43
41
38
88
0 
H
R
 
H
R
-H
R
 
M
LO
C
_5
95
57
.1
 
2 
10
7.
15
3 
57
45
26
72
0 
H
R
 
M
LO
C
_5
56
5.
1 
6 
63
.4
56
 
43
41
38
88
0 
H
R
 
H
R
-H
R
 
M
LO
C
_7
95
5.
1 
2 
10
7.
15
3 
57
87
96
04
0 
H
R
 
M
LO
C
_7
15
41
.1
 
6 
63
.8
81
 
43
42
76
52
0 
H
R
 
H
R
-H
R
 
AK
37
36
73
 
2 
10
7.
15
3 
57
45
26
72
0 
H
R
 
M
LO
C
_5
89
98
.1
 
6 
63
.4
56
 
42
92
55
76
0 
H
R
 
H
R
-H
R
 
M
LO
C
_4
51
14
.1
 
2 
10
9.
41
9 
58
19
34
48
0 
H
R
 
M
LO
C
_6
70
91
.1
 
6 
63
.3
14
 
42
83
14
60
0 
H
R
 
H
R
-H
R
 
M
LO
C
_5
49
78
.1
 
2 
11
0.
90
7 
58
46
55
04
0 
H
R
 
M
LO
C
_7
12
97
.2
 
6 
68
.2
01
 
46
42
73
36
0 
H
R
 
H
R
-H
R
 
M
LO
C
_5
49
74
.4
 
2 
10
8.
00
3 
58
12
85
96
0 
H
R
 
M
LO
C
_5
64
8.
1 
6 
58
.5
69
 
36
20
22
96
0 
H
R
 
H
R
-H
R
 
M
LO
C
_6
28
77
.1
 
2 
10
7.
15
3 
57
87
96
04
0 
H
R
 
AK
35
54
24
 
6 
60
.6
23
 
41
51
50
76
0 
H
R
 
H
R
-H
R
 
M
LO
C
_6
34
01
.3
 
2 
10
7.
15
3 
57
87
96
04
0 
H
R
 
M
LO
C
_1
26
37
.2
 
6 
60
.6
23
 
41
51
50
76
0 
H
R
 
H
R
-H
R
 
M
LO
C
_6
83
9.
3 
5 
77
.0
83
 
44
03
62
44
0 
H
R
 
M
LO
C
_3
93
28
.2
 
7 
69
.2
63
 
18
40
54
44
0 
H
R
 
H
R
-H
R
 
AK
35
39
41
 
5 
77
.0
83
 
44
03
62
44
0 
H
R
 
M
LO
C
_3
74
00
.1
 
7 
69
.4
86
 
19
96
41
24
0 
H
R
 
H
R
-H
R
 
AK
36
96
70
 
5 
80
.3
47
 
44
33
70
68
0 
H
R
 
AK
36
42
95
 
7 
69
.7
02
 
20
45
24
36
0 
H
R
 
H
R
-H
R
 
AK
37
59
21
 
6 
43
.7
68
 
32
96
78
80
 
H
R
 
AK
36
24
72
 
7 
85
.9
77
 
52
83
99
96
0 
H
R
 
H
R
-H
R
 
M
LO
C
_5
83
7.
1 
6 
49
.5
15
 
66
69
21
60
 
H
R
 
M
LO
C
_5
48
29
.2
 
7 
88
.9
13
 
53
32
34
72
0 
H
R
 
H
R
-H
R
 
AK
35
76
03
 
6 
50
.3
54
 
82
85
68
00
 
H
R
 
AK
36
60
98
 
7 
92
.2
10
 
53
70
45
24
0 
H
R
 
H
R
-H
R
 
M
LO
C
_1
08
8.
10
 
6 
47
.1
85
 
43
47
56
40
 
H
R
 
M
LO
C
_8
04
54
.4
 
7 
97
.2
73
 
54
17
51
04
0 
H
R
 
H
R
-H
R
 
AK
35
58
29
 
6 
50
.8
50
 
84
61
76
00
 
H
R
 
AK
36
39
47
 
7 
98
.3
00
 
54
66
71
36
0 
H
R
 
H
R
-H
R
 
M
LO
C
_4
99
37
.2
 
6 
50
.8
50
 
84
08
44
00
 
H
R
 
AK
37
64
24
 
7 
10
0.
02
4 
54
95
95
28
0 
H
R
 
H
R
-H
R
 
M
LO
C
_1
29
84
.1
 
6 
74
.1
50
 
48
50
02
44
0 
H
R
 
AK
36
61
76
 
7 
66
.0
76
 
12
02
41
56
0 
H
R
 
H
R
-H
R
 
M
LO
C
_1
59
50
.1
 
6 
75
.4
96
 
49
05
41
52
0 
H
R
 
M
LO
C
_5
94
6.
3 
7 
64
.8
02
 
11
46
54
12
0 
H
R
 
H
R
-H
R
 
M
LO
C
_7
56
58
.2
 
6 
75
.4
96
 
49
05
41
52
0 
H
R
 
AK
36
09
25
 
7 
64
.8
02
 
11
30
35
92
0 
H
R
 
H
R
-H
R
 
AK
37
67
72
 
6 
73
.7
96
 
48
43
91
12
0 
H
R
 
AK
35
92
31
 
7 
64
.8
02
 
11
46
54
12
0 
H
R
 
H
R
-H
R
 
M
LO
C
_7
32
98
.1
 
6 
72
.9
46
 
48
43
91
12
0 
H
R
 
M
LO
C
_6
08
54
.2
 
7 
64
.1
64
 
11
18
86
44
0 
H
R
 
H
R
-H
R
 
M
LO
C
_6
78
94
.2
 
6 
73
.1
59
 
48
43
91
12
0 
H
R
 
AK
36
05
52
 
7 
61
.7
56
 
93
22
69
20
 
H
R
 
H
R
-H
R
 
M
LO
C
_5
80
89
.1
 
6 
72
.9
46
 
48
43
91
12
0 
H
R
 
M
LO
C
_4
42
1.
1 
7 
62
.8
54
 
10
69
87
20
0 
H
R
 
H
R
-H
R
 
M
LO
C
_7
66
86
.3
 
6 
72
.9
46
 
48
43
91
12
0 
H
R
 
M
LO
C
_1
05
79
.1
 
7 
63
.9
52
 
10
83
38
80
0 
H
R
 
H
R
-H
R
 
M
LO
C
_1
24
38
.2
 
6 
72
.2
38
 
48
01
87
52
0 
H
R
 
M
LO
C
_4
70
72
.1
 
7 
61
.7
56
 
94
11
22
80
 
H
R
 
H
R
-H
R
 
M
LO
C
_7
59
1.
1 
6 
72
.2
38
 
48
01
87
52
0 
H
R
 
M
LO
C
_1
23
20
.2
 
7 
62
.3
94
 
99
91
17
60
 
H
R
 
H
R
-H
R
 
M
LO
C
_8
07
30
.1
 
6 
72
.2
38
 
47
39
30
48
0 
H
R
 
AK
35
78
13
 
7 
62
.3
94
 
99
91
17
60
 
H
R
 
H
R
-H
R
 
AK
37
21
35
 
6 
72
.2
38
 
48
01
87
52
0 
H
R
 
AK
36
79
75
 
7 
62
.7
83
 
10
32
63
48
0 
H
R
 
H
R
-H
R
 
M
LO
C
_5
98
43
.1
 
6 
72
.2
38
 
48
01
87
52
0 
H
R
 
AK
37
66
94
 
7 
62
.7
83
 
10
47
46
52
0 
H
R
 
H
R
-H
R
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M
LO
C
_5
15
91
.2
 
6 
71
.3
88
 
47
27
37
60
0 
H
R
 
M
LO
C
_3
63
16
.1
 
7 
62
.2
88
 
97
52
72
40
 
H
R
 
H
R
-H
R
 
M
LO
C
_7
01
55
.1
0 
6 
71
.3
88
 
47
30
48
84
0 
H
R
 
AK
35
72
27
 
7 
62
.3
94
 
97
82
11
20
 
H
R
 
H
R
-H
R
 
M
LO
C
_5
21
34
.1
 
6 
78
.1
16
 
49
49
84
44
0 
H
R
 
M
LO
C
_5
19
60
.1
 
7 
62
.3
94
 
97
82
11
20
 
H
R
 
H
R
-H
R
 
AK
37
18
58
 
6 
76
.4
19
 
49
26
33
40
0 
H
R
 
M
LO
C
_6
34
27
.2
 
7 
61
.9
69
 
95
92
02
00
 
H
R
 
H
R
-H
R
 
M
LO
C
_5
35
80
.1
 
6 
86
.7
56
 
50
42
58
40
0 
H
R
 
AK
36
33
30
 
7 
54
.8
16
 
77
87
44
80
 
H
R
 
H
R
-H
R
 
AK
25
27
71
.1
 
6 
86
.7
56
 
50
38
35
56
0 
H
R
 
AK
36
10
16
 
7 
52
.7
62
 
73
43
15
60
 
H
R
 
H
R
-H
R
 
AK
35
99
73
 
6 
86
.2
61
 
50
36
39
64
0 
H
R
 
AK
36
10
67
 
7 
56
.3
74
 
84
85
81
60
 
H
R
 
H
R
-H
R
 
M
LO
C
_3
68
34
.1
 
6 
86
.2
61
 
50
08
05
00
0 
H
R
 
AK
35
95
10
 
7 
56
.3
74
 
84
85
81
60
 
H
R
 
H
R
-H
R
 
M
LO
C
_1
27
66
.3
 
6 
88
.2
44
 
50
48
48
64
0 
H
R
 
AK
37
65
48
 
7 
62
.3
94
 
99
91
17
60
 
H
R
 
H
R
-H
R
 
M
LO
C
_3
70
29
.1
 
6 
88
.7
39
 
50
76
43
60
0 
H
R
 
AK
24
82
31
.1
 
7 
52
.8
51
 
73
43
15
60
 
H
R
 
H
R
-H
R
 
AK
35
58
03
 
6 
95
.0
42
 
51
30
92
16
0 
H
R
 
M
LO
C
_5
61
57
.2
 
7 
50
.7
08
 
71
27
02
40
 
H
R
 
H
R
-H
R
 
M
LO
C
_5
15
56
.2
 
6 
94
.9
01
 
51
30
92
16
0 
H
R
 
AK
37
26
27
 
7 
50
.7
08
 
71
27
02
40
 
H
R
 
H
R
-H
R
 
M
LO
C
_5
71
46
.1
 
6 
96
.9
55
 
51
53
53
92
0 
H
R
 
AK
36
76
41
 
7 
50
.7
08
 
68
11
19
60
 
H
R
 
H
R
-H
R
 
M
LO
C
_7
61
65
.1
 
6 
10
0.
42
5 
51
65
80
28
0 
H
R
 
M
LO
C
_6
18
80
.1
 
7 
48
.0
17
 
65
06
03
20
 
H
R
 
H
R
-H
R
 
AK
35
80
31
 
6 
10
4.
81
6 
52
25
65
76
0 
H
R
 
AK
35
94
27
 
7 
46
.3
88
 
60
24
91
20
 
H
R
 
H
R
-H
R
 
AK
25
14
45
.1
 
6 
10
4.
95
8 
52
25
65
76
0 
H
R
 
M
LO
C
_4
76
34
.1
 
7 
44
.4
05
 
54
35
41
60
 
H
R
 
H
R
-H
R
 
M
LO
C
_5
97
2.
1 
6 
10
4.
81
6 
52
25
65
76
0 
H
R
 
M
LO
C
_5
24
03
.1
 
7 
44
.4
05
 
54
35
41
60
 
H
R
 
H
R
-H
R
 
M
LO
C
_1
50
81
.1
 
6 
10
4.
81
6 
52
25
65
76
0 
H
R
 
AK
24
81
76
.1
 
7 
41
.4
31
 
51
28
02
00
 
H
R
 
H
R
-H
R
 
M
LO
C
_1
29
7.
1 
6 
10
5.
31
2 
52
25
65
76
0 
H
R
 
M
LO
C
_6
49
85
.8
 
7 
41
.4
31
 
52
42
22
40
 
H
R
 
H
R
-H
R
 
M
LO
C
_5
91
34
.1
 
6 
11
8.
98
0 
53
36
25
32
0 
H
R
 
M
LO
C
_6
76
19
.2
 
7 
20
.8
22
 
22
66
10
00
 
H
R
 
H
R
-H
R
 
AK
25
27
16
.1
 
1 
10
1.
06
2 
43
45
15
84
0 
H
R
 
M
LO
C
_1
22
84
.1
 
3 
51
.6
29
 
28
69
96
76
0 
H
et
 
LR
-H
R
 
AK
37
31
07
 
1 
10
1.
06
2 
43
45
15
84
0 
H
R
 
M
LO
C
_5
98
47
.1
 
3 
51
.6
29
 
29
14
54
56
0 
H
et
 
LR
-H
R
 
M
LO
C
_6
14
55
.1
 
1 
10
1.
06
2 
43
45
15
84
0 
H
R
 
M
LO
C
_1
66
43
.2
 
3 
51
.6
29
 
27
49
74
96
0 
LR
 
LR
-H
R
 
AK
36
21
28
 
1 
10
0.
85
0 
43
24
22
72
0 
H
R
 
AK
25
18
54
.1
 
3 
51
.6
29
 
31
37
12
56
0 
LR
 
LR
-H
R
 
M
LO
C
_5
18
67
.1
 
1 
10
6.
16
1 
43
97
56
08
0 
H
R
 
AK
36
39
68
 
3 
51
.6
29
 
28
23
34
36
0 
LR
 
LR
-H
R
 
M
LO
C
_1
78
65
.1
 
1 
11
9.
68
8 
45
29
47
20
0 
H
R
 
M
LO
C
_2
20
0.
1 
3 
51
.7
00
 
34
70
82
20
0 
LR
 
LR
-H
R
 
AK
25
21
70
.1
 
1 
12
9.
39
1 
45
84
66
44
0 
H
R
 
M
LO
C
_6
05
40
.2
 
3 
51
.6
29
 
27
53
97
80
0 
LR
 
LR
-H
R
 
AK
36
95
86
 
1 
13
0.
13
5 
45
86
11
52
0 
H
R
 
M
LO
C
_6
87
78
.1
 
3 
51
.6
29
 
29
94
41
40
0 
LR
 
LR
-H
R
 
M
LO
C
_6
47
43
.1
 
1 
12
5.
99
2 
45
60
83
16
0 
H
R
 
AK
25
28
02
.1
 
3 
51
.6
29
 
31
96
33
56
0 
LR
 
LR
-H
R
 
M
LO
C
_3
61
3.
1 
1 
12
8.
04
5 
45
72
25
20
0 
H
R
 
AK
36
37
08
 
3 
51
.6
29
 
29
80
05
48
0 
LR
 
LR
-H
R
 
M
LO
C
_6
99
2.
1 
1 
12
8.
04
5 
45
64
98
56
0 
H
R
 
AK
36
26
01
 
3 
51
.6
29
 
27
45
48
40
0 
LR
 
LR
-H
R
 
AK
36
32
31
 
1 
13
0.
73
7 
45
98
99
88
0 
H
R
 
M
LO
C
_5
34
18
.2
 
3 
51
.6
29
 
27
45
48
40
0 
LR
 
LR
-H
R
 
M
LO
C
_1
08
1.
1 
1 
13
0.
73
7 
45
98
99
88
0 
H
R
 
M
LO
C
_5
90
13
.3
 
3 
51
.6
29
 
28
13
34
92
0 
LR
 
LR
-H
R
 
AK
35
65
46
 
1 
13
2.
36
5 
46
29
37
88
0 
H
R
 
M
LO
C
_5
18
68
.2
 
3 
51
.6
29
 
30
48
80
04
0 
LR
 
LR
-H
R
 
M
LO
C
_6
65
03
.2
 
1 
13
2.
36
5 
46
29
37
88
0 
H
R
 
AK
35
98
04
 
3 
51
.6
29
 
33
39
40
68
0 
LR
 
LR
-H
R
 
AK
35
49
60
 
1 
13
2.
15
3 
46
18
36
76
0 
H
R
 
AK
25
01
78
.1
 
3 
51
.6
29
 
27
45
48
40
0 
LR
 
LR
-H
R
 
M
LO
C
_8
09
3.
1 
1 
13
2.
72
0 
46
40
51
40
0 
H
R
 
AK
24
89
14
.1
 
3 
51
.6
29
 
28
42
15
44
0 
LR
 
LR
-H
R
 
M
LO
C
_7
00
79
.3
 
2 
23
.1
59
 
25
54
02
80
 
H
R
 
M
LO
C
_6
12
67
.1
 
4 
52
.1
95
 
33
34
49
64
0 
LR
 
LR
-H
R
 
AK
37
20
85
 
2 
23
.7
96
 
27
22
42
00
 
H
R
 
M
LO
C
_4
51
45
.1
 
4 
52
.1
95
 
33
34
49
64
0 
LR
 
LR
-H
R
 
AK
36
39
31
 
2 
29
.3
91
 
34
61
46
00
 
H
R
 
M
LO
C
_6
40
08
.1
 
4 
51
.8
77
 
32
23
35
52
0 
LR
 
LR
-H
R
 
M
LO
C
_7
02
46
.1
 
2 
29
.3
91
 
34
78
20
00
 
H
R
 
M
LO
C
_2
55
08
.1
 
4 
51
.4
16
 
27
64
31
96
0 
LR
 
LR
-H
R
 
M
LO
C
_5
27
06
.1
 
2 
29
.3
91
 
35
72
06
80
 
H
R
 
M
LO
C
_5
21
14
.5
 
4 
51
.8
77
 
31
22
92
76
0 
LR
 
LR
-H
R
 
M
LO
C
_7
04
43
.1
 
2 
30
.1
47
 
35
91
41
20
 
H
R
 
M
LO
C
_6
09
37
.2
 
4 
51
.4
16
 
30
07
91
76
0 
LR
 
LR
-H
R
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M
LO
C
_5
51
37
.2
 
2 
30
.4
71
 
36
49
44
40
 
H
R
 
M
LO
C
_6
66
23
.1
 
4 
51
.4
16
 
26
15
43
28
0 
LR
 
LR
-H
R
 
M
LO
C
_5
78
00
.1
 
2 
30
.4
71
 
36
49
44
40
 
H
R
 
M
LO
C
_1
34
84
.2
 
4 
52
.4
43
 
35
10
68
80
0 
LR
 
LR
-H
R
 
AK
36
53
27
 
2 
57
.4
89
 
41
37
78
08
0 
H
R
 
AK
35
70
81
 
6 
52
.6
91
 
11
22
52
24
0 
LR
 
LR
-H
R
 
AK
36
97
31
 
2 
59
.8
29
 
45
79
40
68
0 
H
R
 
M
LO
C
_1
29
39
.2
 
6 
55
.4
53
 
30
51
09
44
0 
LR
 
LR
-H
R
 
M
LO
C
_6
40
83
.1
 
2 
60
.3
75
 
45
91
02
56
0 
H
R
 
M
LO
C
_7
74
23
.4
 
6 
54
.8
87
 
25
19
14
68
0 
LR
 
LR
-H
R
 
AK
36
75
05
 
2 
62
.4
65
 
47
36
05
60
0 
H
R
 
AK
36
47
44
 
6 
53
.7
54
 
20
23
46
92
0 
LR
 
LR
-H
R
 
AK
35
85
18
 
2 
64
.8
73
 
48
02
43
32
0 
H
R
 
M
LO
C
_7
87
93
.2
 
6 
53
.7
54
 
20
44
68
56
0 
LR
 
LR
-H
R
 
M
LO
C
_5
75
16
.2
 
2 
64
.8
26
 
47
99
35
80
0 
H
R
 
AK
36
42
34
 
6 
55
.0
28
 
26
06
14
52
0 
LR
 
LR
-H
R
 
AK
35
96
55
 
2 
62
.6
80
 
47
36
05
60
0 
H
R
 
M
LO
C
_5
38
04
.1
 
6 
55
.0
28
 
25
89
05
80
0 
LR
 
LR
-H
R
 
AK
35
71
85
 
2 
64
.8
73
 
48
18
29
28
0 
H
R
 
M
LO
C
_2
02
29
.1
 
6 
54
.3
91
 
21
27
59
20
0 
LR
 
LR
-H
R
 
M
LO
C
_6
91
40
.1
 
2 
67
.3
51
 
48
76
89
52
0 
H
R
 
M
LO
C
_6
24
78
.1
 
6 
55
.3
82
 
29
62
84
36
0 
LR
 
LR
-H
R
 
AK
24
88
41
.1
 
2 
72
.5
57
 
50
39
37
24
0 
H
R
 
M
LO
C
_6
70
67
.2
 
6 
59
.9
15
 
37
75
60
16
0 
LR
 
LR
-H
R
 
M
LO
C
_6
86
98
.1
 
2 
77
.2
66
 
52
25
29
80
0 
H
R
 
M
LO
C
_3
95
54
.2
 
6 
59
.9
15
 
37
11
15
88
0 
LR
 
LR
-H
R
 
M
LO
C
_3
79
26
.2
 
2 
80
.0
28
 
52
42
37
28
0 
H
R
 
AK
37
30
23
 
6 
60
.1
98
 
40
04
87
76
0 
LR
 
LR
-H
R
 
M
LO
C
_1
57
46
.1
 
2 
80
.0
64
 
52
46
97
32
0 
H
R
 
M
LO
C
_5
61
03
.1
 
6 
59
.9
15
 
37
35
38
84
0 
LR
 
LR
-H
R
 
M
LO
C
_6
43
95
.3
 
2 
79
.8
87
 
52
42
37
28
0 
H
R
 
AK
36
38
58
 
6 
59
.9
15
 
37
27
19
20
0 
LR
 
LR
-H
R
 
AK
35
57
50
 
2 
80
.0
28
 
52
42
37
28
0 
H
R
 
AK
36
59
27
 
6 
59
.9
15
 
37
46
63
52
0 
LR
 
LR
-H
R
 
M
LO
C
_5
76
09
.1
 
2 
79
.8
87
 
52
42
37
28
0 
H
R
 
AK
36
56
09
 
6 
59
.9
15
 
37
18
93
36
0 
LR
 
LR
-H
R
 
AK
36
88
79
 
2 
80
.5
95
 
52
71
37
64
0 
H
R
 
M
LO
C
_3
76
3.
3 
6 
60
.4
82
 
40
57
65
20
0 
LR
 
LR
-H
R
 
AK
37
58
92
 
2 
80
.4
53
 
52
48
84
56
0 
H
R
 
M
LO
C
_6
06
33
.2
 
6 
60
.0
57
 
38
34
36
52
0 
LR
 
LR
-H
R
 
M
LO
C
_5
51
38
.1
 
2 
81
.7
99
 
53
01
19
84
0 
H
R
 
AK
37
69
49
 
6 
59
.9
15
 
38
08
69
72
0 
LR
 
LR
-H
R
 
M
LO
C
_6
88
44
.2
 
2 
87
.6
42
 
54
01
17
96
0 
H
R
 
AK
36
34
73
 
6 
60
.2
34
 
40
34
74
92
0 
LR
 
LR
-H
R
 
AK
37
44
02
 
2 
88
.5
27
 
54
30
49
32
0 
H
R
 
M
LO
C
_1
69
61
.1
 
6 
60
.5
52
 
40
81
02
60
0 
LR
 
LR
-H
R
 
M
LO
C
_5
15
46
.2
 
2 
88
.5
27
 
54
30
49
32
0 
H
R
 
M
LO
C
_5
73
89
.2
 
6 
59
.9
15
 
37
46
63
52
0 
LR
 
LR
-H
R
 
M
LO
C
_6
02
18
.1
 
2 
92
.7
76
 
55
80
11
16
0 
H
R
 
M
LO
C
_7
18
5.
1 
6 
59
.9
15
 
37
27
19
20
0 
LR
 
LR
-H
R
 
AK
35
83
95
 
2 
10
7.
15
3 
57
17
68
96
0 
H
R
 
AK
36
48
59
 
6 
60
.4
11
 
40
48
25
28
0 
LR
 
LR
-H
R
 
AK
35
46
60
 
5 
73
.2
99
 
43
13
58
80
0 
H
R
 
AK
35
45
34
 
7 
70
.9
63
 
36
05
41
16
0 
LR
 
LR
-H
R
 
M
LO
C
_5
72
4.
3 
5 
80
.3
47
 
44
52
26
96
0 
H
R
 
AK
36
31
15
 
7 
70
.1
84
 
22
48
49
20
0 
LR
 
LR
-H
R
 
M
LO
C
_5
20
57
.3
 
5 
80
.3
47
 
44
20
89
76
0 
H
R
 
M
LO
C
_5
39
40
.1
 
7 
70
.1
84
 
21
24
03
32
0 
LR
 
LR
-H
R
 
M
LO
C
_7
44
74
.4
 
5 
85
.5
56
 
45
56
56
60
0 
H
R
 
AK
37
45
98
 
7 
70
.1
84
 
21
42
84
40
0 
LR
 
LR
-H
R
 
AK
37
44
24
 
5 
84
.9
12
 
45
40
28
48
0 
H
R
 
AK
24
99
04
.1
 
7 
68
.9
51
 
18
17
33
16
0 
LR
 
LR
-H
R
 
M
LO
C
_5
74
22
.1
 
5 
85
.5
56
 
45
63
31
16
0 
H
R
 
M
LO
C
_9
96
8.
1 
7 
69
.0
51
 
18
17
33
16
0 
LR
 
LR
-H
R
 
M
LO
C
_7
05
52
.1
 
5 
85
.5
56
 
45
54
04
88
0 
H
R
 
M
LO
C
_6
46
92
.1
 
7 
70
.1
49
 
21
17
32
48
0 
LR
 
LR
-H
R
 
AK
37
64
58
 
5 
85
.5
56
 
45
63
31
16
0 
H
R
 
AK
24
94
82
.1
 
7 
70
.6
80
 
28
33
75
96
0 
LR
 
LR
-H
R
 
M
LO
C
_7
51
55
.1
 
5 
85
.5
56
 
45
51
25
88
0 
H
R
 
M
LO
C
_1
40
17
.2
 
7 
70
.4
32
 
23
86
21
88
0 
LR
 
LR
-H
R
 
M
LO
C
_6
24
37
.1
 
5 
83
.4
72
 
44
94
73
96
0 
H
R
 
AK
24
88
65
.1
 
7 
70
.1
84
 
22
32
35
96
0 
LR
 
LR
-H
R
 
AK
36
42
06
 
5 
83
.4
72
 
44
94
73
96
0 
H
R
 
AK
25
12
23
.1
 
7 
70
.6
80
 
29
94
29
00
0 
LR
 
LR
-H
R
 
M
LO
C
_5
58
96
.1
 
5 
92
.9
86
 
46
01
49
12
0 
H
R
 
AK
37
52
06
 
7 
70
.6
80
 
26
36
24
00
0 
LR
 
LR
-H
R
 
M
LO
C
_5
35
78
.1
 
5 
95
.1
39
 
46
47
59
44
0 
H
R
 
M
LO
C
_6
41
3.
1 
7 
70
.6
80
 
26
18
86
76
0 
LR
 
LR
-H
R
 
M
LO
C
_6
70
41
.1
 
5 
95
.9
03
 
46
58
44
44
0 
H
R
 
AK
37
68
64
 
7 
70
.6
80
 
26
18
86
76
0 
LR
 
LR
-H
R
 
AK
36
80
25
 
5 
96
.5
97
 
46
84
75
72
0 
H
R
 
M
LO
C
_6
82
47
.1
 
7 
70
.6
80
 
26
79
44
16
0 
LR
 
LR
-H
R
 
AK
35
59
45
 
5 
96
.5
97
 
46
84
75
72
0 
H
R
 
AK
25
02
19
.1
 
7 
70
.6
80
 
27
21
88
68
0 
LR
 
LR
-H
R
 
M
LO
C
_6
48
38
.2
 
5 
95
.9
03
 
46
58
44
44
0 
H
R
 
M
LO
C
_6
87
18
.1
 
7 
70
.6
80
 
25
46
37
72
0 
LR
 
LR
-H
R
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AK
35
83
09
 
1 
48
.7
25
 
24
78
54
92
0 
LR
 
AK
37
31
61
 
4 
10
1.
98
3 
52
43
43
92
0 
H
R
 
LR
-H
R
 
AK
37
31
65
 
2 
56
.4
45
 
32
71
86
40
0 
LR
 
M
LO
C
_6
39
1.
1 
5 
13
6.
38
9 
51
13
48
72
0 
H
R
 
LR
-H
R
 
AK
36
74
81
 
2 
56
.5
16
 
35
79
75
60
0 
LR
 
AK
35
61
43
 
5 
13
6.
38
9 
51
22
30
36
0 
H
R
 
LR
-H
R
 
M
LO
C
_6
33
00
.1
 
2 
56
.3
74
 
32
10
81
88
0 
LR
 
AK
36
32
50
 
5 
13
0.
90
3 
50
65
83
40
0 
H
R
 
LR
-H
R
 
M
LO
C
_6
42
13
.4
 
2 
56
.4
45
 
32
79
04
36
0 
LR
 
M
LO
C
_6
87
5.
2 
5 
13
5.
06
9 
51
00
44
24
0 
H
R
 
LR
-H
R
 
M
LO
C
_7
76
70
.1
 
2 
56
.5
16
 
37
14
50
68
0 
LR
 
M
LO
C
_6
28
89
.1
 
5 
13
5.
34
7 
51
06
43
16
0 
H
R
 
LR
-H
R
 
M
LO
C
_5
95
85
.1
 
2 
56
.5
16
 
35
45
23
44
0 
LR
 
M
LO
C
_5
56
58
.4
 
5 
13
6.
25
0 
51
06
43
16
0 
H
R
 
LR
-H
R
 
M
LO
C
_7
42
53
.1
 
2 
56
.5
16
 
35
79
75
60
0 
LR
 
AK
37
33
54
 
5 
13
7.
04
9 
51
27
20
16
0 
H
R
 
LR
-H
R
 
M
LO
C
_1
42
16
.1
 
2 
56
.5
16
 
34
87
12
80
0 
LR
 
M
LO
C
_5
59
43
.1
 
5 
12
8.
19
4 
50
27
04
68
0 
H
R
 
LR
-H
R
 
M
LO
C
_1
18
33
.2
 
6 
50
.2
12
 
77
76
41
20
 
LR
 
M
LO
C
_1
98
2.
2 
7 
95
.5
03
 
53
92
97
08
0 
H
R
 
LR
-H
R
 
M
LO
C
_2
00
07
.1
 
6 
50
.2
12
 
77
76
41
20
 
LR
 
M
LO
C
_4
40
10
.1
 
7 
97
.3
09
 
54
20
97
00
0 
H
R
 
LR
-H
R
 
AK
35
54
23
 
6 
50
.2
12
 
77
76
41
20
 
LR
 
M
LO
C
_5
98
48
.1
 
7 
97
.2
73
 
54
17
51
04
0 
H
R
 
LR
-H
R
 
M
LO
C
_7
32
08
.3
 
6 
52
.9
04
 
12
11
02
12
0 
LR
 
AK
36
46
78
 
7 
97
.8
05
 
54
47
50
60
0 
H
R
 
LR
-H
R
 
M
LO
C
_1
56
50
.1
 
6 
53
.1
16
 
14
39
78
88
0 
LR
 
AK
36
08
99
 
7 
10
4.
81
6 
55
73
98
60
0 
H
R
 
LR
-H
R
 
M
LO
C
_5
31
18
.1
 
6 
52
.9
04
 
11
57
87
48
0 
LR
 
M
LO
C
_6
22
31
.1
 
7 
11
6.
07
6 
56
71
53
68
0 
H
R
 
LR
-H
R
 
M
LO
C
_1
52
96
.1
 
6 
52
.9
04
 
12
05
13
12
0 
LR
 
M
LO
C
_6
62
06
.1
 
7 
11
6.
07
6 
56
58
40
52
0 
H
R
 
LR
-H
R
 
AK
36
43
94
 
6 
52
.9
04
 
11
91
80
12
0 
LR
 
AK
36
28
76
 
7 
11
8.
34
3 
56
89
19
44
0 
H
R
 
LR
-H
R
 
M
LO
C
_6
93
97
.2
 
6 
52
.9
04
 
12
64
91
16
0 
LR
 
M
LO
C
_1
03
78
.2
 
7 
11
8.
34
3 
56
91
45
12
0 
H
R
 
LR
-H
R
 
M
LO
C
_3
78
49
.1
 
6 
52
.9
04
 
12
16
42
76
0 
LR
 
M
LO
C
_5
84
0.
2 
7 
11
9.
83
0 
57
05
48
80
0 
H
R
 
LR
-H
R
 
M
LO
C
_6
34
30
.1
 
6 
53
.3
29
 
16
16
21
60
0 
LR
 
AK
36
66
00
 
7 
11
9.
83
0 
57
05
48
80
0 
H
R
 
LR
-H
R
 
AK
24
98
70
.1
 
6 
52
.9
04
 
12
05
13
12
0 
LR
 
AK
37
44
95
 
7 
12
0.
82
2 
57
49
59
48
0 
H
R
 
LR
-H
R
 
M
LO
C
_6
44
91
.2
 
6 
52
.9
04
 
13
13
74
28
0 
LR
 
M
LO
C
_6
38
93
.1
 
7 
12
4.
57
5 
57
91
23
40
0 
H
R
 
LR
-H
R
 
AK
25
05
07
.1
 
6 
52
.9
04
 
12
25
95
08
0 
LR
 
M
LO
C
_3
17
3.
4 
7 
12
4.
57
5 
57
97
53
32
0 
H
R
 
LR
-H
R
 
M
LO
C
_6
13
11
.4
 
6 
53
.7
54
 
19
96
01
56
0 
LR
 
M
LO
C
_3
64
37
.1
 
7 
12
6.
55
8 
58
42
84
28
0 
H
R
 
LR
-H
R
 
AK
37
22
55
 
6 
52
.0
54
 
92
66
76
80
 
LR
 
M
LO
C
_7
18
62
.1
 
7 
12
9.
39
1 
58
82
98
16
0 
H
R
 
LR
-H
R
 
AK
37
59
89
 
6 
53
.7
54
 
18
58
77
24
0 
LR
 
M
LO
C
_1
57
79
.1
 
7 
84
.5
66
 
52
18
52
76
0 
H
R
 
LR
-H
R
 
AK
35
74
63
 
6 
54
.8
87
 
23
76
86
92
0 
LR
 
AK
36
26
10
 
7 
84
.5
66
 
52
18
52
76
0 
H
R
 
LR
-H
R
 
M
LO
C
_4
00
01
.1
 
6 
53
.7
54
 
18
58
77
24
0 
LR
 
M
LO
C
_2
07
32
.1
 
7 
84
.5
66
 
52
18
52
76
0 
H
R
 
LR
-H
R
 
M
LO
C
_5
59
23
.3
 
6 
53
.7
54
 
18
85
03
56
0 
LR
 
M
LO
C
_6
95
19
.3
 
7 
85
.9
77
 
52
38
31
80
0 
H
R
 
LR
-H
R
 
M
LO
C
_6
19
87
.2
 
6 
53
.6
12
 
16
52
31
24
0 
LR
 
M
LO
C
_6
07
80
.1
 
7 
85
.9
77
 
52
83
99
96
0 
H
R
 
LR
-H
R
 
AK
36
24
70
 
6 
54
.8
87
 
24
50
64
92
0 
LR
 
AK
36
88
75
 
7 
85
.9
77
 
52
83
99
96
0 
H
R
 
LR
-H
R
 
AK
25
03
11
.1
 
6 
53
.4
70
 
16
44
99
64
0 
LR
 
M
LO
C
_4
39
86
.1
 
7 
85
.9
77
 
52
25
55
84
0 
H
R
 
LR
-H
R
 
M
LO
C
_3
63
91
.1
 
6 
53
.4
70
 
16
38
95
76
0 
LR
 
AK
36
49
06
 
7 
76
.7
53
 
48
32
45
36
0 
H
R
 
LR
-H
R
 
M
LO
C
_1
32
69
.2
 
6 
52
.9
04
 
11
43
94
96
0 
LR
 
M
LO
C
_3
63
25
.1
 
7 
79
.7
80
 
51
16
42
60
0 
H
R
 
LR
-H
R
 
AK
36
11
88
 
6 
53
.6
83
 
17
32
61
48
0 
LR
 
AK
36
85
39
 
7 
76
.5
58
 
46
85
29
04
0 
H
R
 
LR
-H
R
 
AK
35
39
55
 
6 
53
.3
29
 
15
75
23
40
0 
LR
 
AK
36
54
78
 
7 
76
.5
58
 
47
78
42
68
0 
H
R
 
LR
-H
R
 
M
LO
C
_5
56
35
.2
 
6 
53
.3
29
 
15
75
23
40
0 
LR
 
AK
36
30
24
 
7 
77
.2
66
 
49
81
24
12
0 
H
R
 
LR
-H
R
 
 
a 
H
R
 =
 H
ig
h-
re
co
m
bi
ni
ng
; L
R
 =
 L
ow
-re
co
m
bi
ni
ng
. 
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Sy
nt
en
y 
B
lo
ck
 
B
ar
le
y 
ch
ro
m
os
om
e 
B
A
R
LE
Y 
cM
 s
ta
rt
 
B
A
R
LE
Y 
cM
 e
nd
 
B
ra
ch
yp
od
iu
m
 
ch
ro
m
os
om
e 
B
ra
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TABLE B.2: Shared synteny blocks between Brachypodium and barley genomes.
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TABLE B.3: Quantification of Illumina DNA libraries.
Method Sample Replicate
DNA con-
centration
(ng/µl)
Manual
Input
1 5.27
2 5.53
3 5.79
H3
1 5.99
2 6.19
3 5.75
H3K9me1
1 6.83
2 3.28
3 4.74
H3K56ac
1 5.00
2 4.37
3 2.73
Kit
Input
1 6.12
2 8.84
3 3.59
H3
1 4.64
2 5.47
3 4.17
H3K9me1
1 5.06
2 5.21
3 6.84
H3K56ac
1 6.71
2 5.51
3 4.65
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TABLE B.4: Sequencing and read mapping summary for kit ChIP method.
Sample Replicate
Sequencing Number of reads Mapping
run Totala Mappedb Primaryc Non-dupsd rated (%)
Input
1*
1 39,346,670 32,148,470 30,070,030 17,634,050 44.82
2 45,859,852 37,489,266 35,243,015 19,894,522 43.38
2*
1 82,892,912 68,325,008 64,112,651 43,541,909 52.53
2 50,489,870 41,656,546 39,303,505 30,192,201 59.80
3
1 53,347,354 43,743,318 41,863,018 19,100,916 35.80
2 36,708,162 30,229,172 29,074,130 16,107,033 43.88
H3
1*
1 32,085,716 27,568,368 25,027,767 22,200,512 69.19
2 27,927,260 24,070,044 22,121,212 19,796,992 70.89
2*
1 29,265,210 25,175,526 22,950,662 20,702,923 70.74
2 27,633,222 23,849,646 22,005,482 19,894,522 71.99
3
1 19,074,124 16,352,040 14,964,544 13,469,243 70.62
2 32,911,668 28,324,102 26,266,940 22,461,545 68.25
H3K4me2
1*† 3 28,863,482 24,783,790 22,364,868 16,957,947 58.75
2*† 3 62,992,524 54,061,122 49,402,513 19,750,734 31.35
3*† 3 48,504,606 41,381,560 38,130,293 15,646,304 32.26
H3K4me3
1* 2 52,116,862 29,418,488 27,067,716 14,403,489 27.64
2* 2 66,007,386 50,301,136 46,740,831 18,024,097 27.31
3 2 40,522,522 30,387,102 27,709,450 5,351,819 13.21
H3K9ac
1*† 3 76,512,002 54,701,182 52,209,351 4,596,313 6.01
2*† 3 24,156,888 17,766,056 16,844,881 2,370,095 9.81
3† 3 59,849,586 49,021,280 44,004,977 13,987,403 23.37
H3K9me1
1*
1 22,411,204 19,058,274 17,011,451 15,246,426 68.03
2 26,069,692 22,210,334 20,092,525 17,789,237 68.24
2*
1 36,678,662 31,226,382 28,106,299 25,208,411 68.73
2 56,558,232 48,359,162 44,125,100 38,214,847 67.57
3
1 35,080,738 29,895,938 26,965,548 24,456,972 69.72
2 75,434,460 64,458,258 58,912,964 50,705,617 67.22
H3K9me2
1*† 3 36,735,588 31,548,498 27,845,928 22,913,186 62.37
2† 3 46,663,584 40,062,698 35,749,160 28,618,606 61.33
3† 3 42,684,496 36,061,578 31,820,964 22,611,467 52.97
H3K9me3
1*† 3 59,364,470 43,553,028 39,879,444 7,064,192 11.90
2*† 3 68,068,856 55,491,548 50,020,767 11,584,928 17.02
3† 3 59,118,300 30,559,706 28,334,580 2,482,622 4.20
H3K27me1
1*† 3 66,394,134 56,131,756 52,894,731 22,062,660 33.23
2† 3 62,318,018 52,141,228 47,238,385 13,953,771 22.39
3† 3 53,847,720 45,332,246 42,290,824 12,841,443 23.85
H3K27me2
1*† 3 38,690,422 33,119,592 28,813,240 25,039,673 64.72
2*† 3 32,610,950 27,967,218 24,515,994 21,869,689 67.06
3*† 3 50,556,838 43,391,126 39,138,562 30,233,559 59.80
H3K27me3
1* 2 117,185,852 98,793,852 89,070,414 29,336,982 25.03
2* 2 33,961,062 28,671,424 26,067,898 18,509,999 54.50
3* 2 85,342,036 69,620,588 63,399,457 15,717,819 18.42
H3K36me3
1*† 3 45,509,304 38,720,300 34,763,512 29,072,211 63.88
2† 3 35,440,572 29,748,994 26,681,486 15,788,766 44.55
3† 3 43,602,700 36,393,726 33,150,596 16,669,380 38.23
H3K56ac
1*
1 25,313,430 20,941,102 19,158,204 19,158,204 75.68
2 37,440,126 31,010,400 28,604,828 28,604,828 76.40
2*
1 26,953,976 21,713,768 19,978,701 11,350,632 42.11
2 72,443,978 58,369,970 54,082,098 17,089,620 23.59
3
1 36,974,084 28,524,600 26,564,207 6,367,884 17.22
2 36,522,134 28,091,574 26,695,761 6,444,010 17.64
H4K5ac
1*† 3 30,079,186 25,776,062 22,941,790 19,009,989 63.20
2*† 3 58,033,312 48,672,296 43,351,994 25,999,561 44.80
3† 3 40,266,856 34,395,914 30,711,881 18,437,630 45.79
H4K16ac
1*† 3 44,886,788 38,859,960 34,625,240 30,269,296 67.43
2*† 3 41,720,770 35,886,170 31,861,432 26,371,168 63.21
3*† 3 43,701,624 37,591,878 33,309,908 27,664,352 63.30
a Total number of reads.
b Number of reads mapped by STAR.
c Number of reads after secondary read removal.
d Number of reads after PCR duplicate removal and associated mapping rate (see main Text for details).
* Chromatin immunoprecipitation performed by Nicki Cook.
† Library construction performed by Taniya Dhillon.
APPENDIX C
CUSTOM JAVA CODE
C.1 Manually assembling barley genome with accom-
panying FASTA and GFF file
This section contains the Java code for assembling Morex v3 reference genome con-
tigs into chromosomes based on PopSeq genetic map positions (IBGSC, 2012; Mascher
et al., 2013). The program parses the reference DNA FASTA and enters the contig
names and sequences into a HashMap. The PopSeq genetic map contig positions are
contained in an tab-delimited file ordered by chromosome and cM location. The pro-
gram iterates over each chromosome parsing the PopSeq contig names and positions.
The contig name is looked up in the HashMap, returned and assembled into the FASTA
file. A string of ”NNNNNNNNNN” is entered between each contig. The locations of
the contigs are simultaneously entered into a GFF. Finally, the unmapped contigs are
entered into the FASTA and GFF file at the end under the chromosome ”0”.
//-----------------------------------------------------//
// Java package
package utils.pseudoGenome;
// import declarations
import java.io.*;
import java.util.*;
// class declaration
public class PopSeqPseudoChromosomes {
// command line args
public static void main(String[] args) {
// check correct number of args have been provided
if(args.length != 2) {
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System.out.println("Error: incorrect number of arguments supplied.
Usage: java -Xmx5G -XX:PermSize=256M -cp ˜/SVNSandbox/bin
utils.pseudoGenome.PopSeqPseudoChromosomes <referenceFasta> <
popSeqContigsData>");
System.exit(1);
}
// file variables
File referenceFasta = new File(args[0]);
File contigsData = new File(args[1]);
// goProcess
goProcess(referenceFasta, contigsData);
}
//-----------------------------------------------------//
private static void goProcess(File referenceFasta, File contigsData)
{
try {
// set up genome output files
File genomeFastaFile = new File("barleyPseudoGenomePopSeq.fasta");
File genomeGffFile = new File("barleyPseudoGenomePopSeq.gff");
// set up buffered writers
BufferedWriter genomeFastaWriter = new BufferedWriter(new
FileWriter(genomeFastaFile));
BufferedWriter genomeGffWriter = new BufferedWriter(new FileWriter(
genomeGffFile));
// set up variables
Integer genomeStart = 1;
Integer genomeEnd = 1;
// set up processed contig list array
List<Integer> processedContigs = new ArrayList<Integer>();
//-----------------------------------------------------//
// set up HashMap
Map<Integer, String> referenceMap = new HashMap<Integer, String>();
System.out.println("HashMap created");
//-----------------------------------------------------//
// parse reference FASTA
BufferedReader referenceReader = new BufferedReader(new FileReader(
referenceFasta));
// read file line-by-line
String referenceLine = null;
while ((referenceLine = referenceReader.readLine()) != null) {
// separate data by tabs
String[] referenceTokens = referenceLine.split("\t");
// extract variables
Integer referenceContig = Integer.parseInt(referenceTokens[0]);
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String contigSequence = referenceTokens[2];
// store variables in HashMap
referenceMap.put(referenceContig, contigSequence);
}
referenceReader.close();
System.out.println("referenceMap variables stored");
//-----------------------------------------------------//
// chromosome number array
int[] chromosomeNumbers = { 1, 2, 3, 4, 5, 6, 7 };
// iterate over chromosomes
for (int chromosome : chromosomeNumbers) {
// output progress
System.out.println("\n====================================");
System.out.println("Processing chromosome " + chromosome);
// set up chromosome output files
File chrFastaFile = new File("chromosome_" + chromosome + ".fasta"
);
File chrGffFile = new File("chromosome_" + chromosome + ".gff");
BufferedWriter chrFastaWriter = new BufferedWriter(new FileWriter(
chrFastaFile));
BufferedWriter chrGffWriter = new BufferedWriter(new FileWriter(
chrGffFile));
// write out header lines
genomeFastaWriter.write(">chromosome_" + chromosome + "\n");
genomeFastaWriter.flush();
chrFastaWriter.write(">chromosome_" + chromosome + "\n");
chrFastaWriter.flush();
// set up location variables
Integer contigStart = 1;
Integer contigEnd = 1;
//-----------------------------------------------------//
// parse PopSeq location file
System.out.println("Parsing contigs info file for fastaMap");
BufferedReader contigReader = new BufferedReader(new FileReader(
contigsData));
// input contigs line-by-line, and store data in an array
String contigLine = null;
contigReader.readLine();
while ((contigLine = contigReader.readLine()) != null) {
// store into an array, separating data by tabs
String[] contigTokens = contigLine.split("\t");
// extract contig details
Integer contig = Integer.parseInt(contigTokens[0]);
Integer contigChr = Integer.parseInt(contigTokens[1]);
Float contigCM = Float.parseFloat(contigTokens[2]);
// check and process current chromosome
if (( chromosome == contigChr )) {
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// lookup contig in HashMaps
String contigSeq = referenceMap.get(contig);
Integer contigLength = contigSeq.length();
// check entry is in HashMap
if ((contigSeq != null)) {
// calculation end position for this contig
genomeEnd = genomeStart + contigLength - 1;
contigEnd = contigStart + contigLength - 1;
// output results into FASTA and GFF files
chrFastaWriter.write(contigSeq + "NNNNNNNNNN");
chrFastaWriter.flush();
chrGffWriter.write("contig_" + contig + "\t" + chromosome + "\t
" + contigCM + "\t" + contigStart + "\t" + contigEnd + "\n")
;
chrGffWriter.flush();
genomeFastaWriter.write(contigSeq + "NNNNNNNNNN");
genomeFastaWriter.flush();
genomeGffWriter.write("contig_" + contig + "\t" + chromosome +
"\t" + contigCM + "\t" + genomeStart + "\t" + genomeEnd + "\
n");
genomeGffWriter.flush();
// calculate start bp for the next contig
contigStart = contigEnd + 11;
genomeStart = genomeEnd + 11;
// add contigName to a processed contig array
processedContigs.add(contig);
} // end of lookup if loop
} // end of chromosome if loop
} // end of while read line loop
genomeFastaWriter.newLine();
chrFastaWriter.newLine();
//-----------------------------------------------------//
contigReader.close();
chrFastaWriter.close();
chrGffWriter.close();
} // end of chromosome for loop
//-----------------------------------------------------//
// process contigs without genetic map position
System.out.println("\n====================================");
System.out.println("Processing chromosome 0");
// set up chromosome_0 output files
File chr0FastaFile = new File("chromosome_0.fasta");
File chr0GffFile = new File("chromosome_0.gff");
BufferedWriter chr0FastaWriter = new BufferedWriter(new FileWriter(
chr0FastaFile));
BufferedWriter chr0GffWriter = new BufferedWriter(new FileWriter(
chr0GffFile));
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// write out header lines
genomeFastaWriter.write(">chromosome_0\n");
genomeFastaWriter.flush();
chr0FastaWriter.write(">chromosome_0\n");
chr0FastaWriter.flush();
// set up location variables
Integer contig2Start = 1;
Integer contig2End = 1;
// parse reference FASTA
BufferedReader reference2Reader = new BufferedReader(new FileReader
(referenceFasta));
// put reference sequences into fastaMap
String reference2Line = null;
while ((reference2Line = reference2Reader.readLine()) != null) {
// separate data by tabs
String[] reference2Tokens = reference2Line.split("\t");
// extract variables
Integer reference2Contig = Integer.parseInt(reference2Tokens[0]);
// check if contig has already been processed
if (( processedContigs.contains(reference2Contig) ) == false ) {
// lookup contig in HashMaps
String contig2Seq = referenceMap.get(reference2Contig);
Integer contig2Length = contig2Seq.length();
// check entry is in HashMap
if ((contig2Seq != null)) {
// calculation end position for this contig
genomeEnd = genomeStart + contig2Length - 1;
contig2End = contig2Start + contig2Length - 1;
// output results into FASTA and GFF files
chr0FastaWriter.write(contig2Seq + "NNNNNNNNNN");
chr0FastaWriter.flush();
chr0GffWriter.write("contig_" + reference2Contig + "\t0" + "\
tnull" + "\t" + contig2Start + "\t" + contig2End + "\n");
chr0GffWriter.flush();
genomeFastaWriter.write(contig2Seq + "NNNNNNNNNN");
genomeFastaWriter.flush();
genomeGffWriter.write("contig_" + reference2Contig + "\t0" + "\
tnull" + "\t" + genomeStart + "\t" + genomeEnd + "\n");
genomeGffWriter.flush();
// calculate start bp for the next contig
contig2Start = contig2End + 11;
genomeStart = genomeEnd + 11;
} // end of lookup if loop
} // end of chromosome if loop
} // end of while read line loop
//-----------------------------------------------------//
reference2Reader.close();
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chr0FastaWriter.close();
chr0GffWriter.close();
genomeFastaWriter.close();
genomeGffWriter.close();
//-----------------------------------------------------//
} // end of try
catch (Exception e) {
e.printStackTrace();
} // end of catch
//-----------------------------------------------------//
} // end of goProcess
} // end of public class PopSeqPseudoChromosomes
C.2 Estimating recombination rates across the manu-
ally assembled chromosomes
This section contains the Java code for estimating recombination rates in the barley
genome. Manually assembled barley genome GFF files were used as input in the re-
combination rate calculations. A sliding window was used and defined by the user as
command line arguments. Sliding step was step as one tenth of the window size. In each
sliding window recombination rate is calculated and for each contig the local recombi-
nation rate is defined as the average of the sliding window recombination rates. Apache
Commons Math3 class stat.regression.SimpleRegression was used for the calculations
(http://commons.apache.org).
//-----------------------------------------------------//
// Java package
package utils.recombination;
// import declarations
import java.io.*;
import java.util.*;
import org.apache.commons.math3.stat.regression.SimpleRegression;
// class declaration
public class LocalRecombinationCalculationMbApache {
// command line args
public static void main(String[] args) {
//check args have been provided
if(args.length != 2) {
System.out.println("ERROR: incorrect number of arguments supplied.
Usage: java -Xmx5G -cp ˜/SVNSandox/bin utils.recombination.
LocalRecombinationCalculationAllContigsApache <chromosomeGffDir
> <binSize>");
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System.exit(1);
}
// list all files in current dir
File workingDir = new File(args[0]);
File [] chromosomeFile = workingDir.listFiles();
int binSize = Integer.parseInt(args[1]);
// chromosome number array
int[] chromosomeNumbers = { 1, 2, 3, 4, 5, 6, 7 };
// iterate over chromosomes
for (int chromosome : chromosomeNumbers) {
// iterate over individual chromosome GFF files
for (int i = 0; i < chromosomeFile.length; i ++) {
// check it’s a GFF file
if(chromosomeFile[i].getName().endsWith(chromosome + ".gff")) {
String sampleBasename = chromosomeFile[i].getName().substring(0,
chromosomeFile[i].getName().indexOf("."));
System.out.println("\n==============================");
System.out.println("processing sample " + sampleBasename);
// goProcess
goProcess(chromosomeFile[i], sampleBasename, chromosome, binSize
);
}
}
}
}
//-----------------------------------------------------//
private static void goProcess(File chromosomeFile, String
sampleBasename, int chromosome, int binSize) {
try {
System.out.println("Parsing " + sampleBasename + " file");
// set up hashmaps and lists
HashMap<String,ArrayList<Float>> arrayNames = new HashMap<String,
ArrayList<Float>>();
HashMap<Integer,ArrayList<String>> contigInfo = new HashMap<
Integer,ArrayList<String>>();
ArrayList<String> hashOut = new ArrayList<String>();
SimpleRegression regression = new SimpleRegression(true);
List<String> outputContigs = new ArrayList<String>();
System.out.println("HashMaps and Lists set up");
//-----------------------------------------------------//
// set up file reader
BufferedReader chrReader = new BufferedReader(new FileReader(
chromosomeFile));
// get chromosome size
Integer chrStop = 0;
String chrLine = null;
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while ((chrLine = chrReader.readLine()) != null) {
// store into an array, separating data by tabs
String[] chrTokens = chrLine.split("\t");
// extract stop locations, the final one representing the length
of the chromosome
chrStop = Integer.parseInt(chrTokens[4]);
}
// parse chromosome GFF file
chrReader = new BufferedReader(new FileReader(chromosomeFile));
chrLine = null;
while ((chrLine = chrReader.readLine()) != null) {
// store into an array, separating data by tabs
String[] chrTokens = chrLine.split("\t");
// extract contig details
String name = chrTokens[0];
Integer start = Integer.parseInt(chrTokens[3]);
String cM = chrTokens[2];
// add data to HashMap
contigInfo.put(start, new ArrayList<String>());
contigInfo.get(start).add(name);
contigInfo.get(start).add(chrTokens[2]);
}
chrReader.close();
// chrSize
Integer chrSize = chrStop;
//-----------------------------------------------------//
// set up sliding size variable
Integer slide = binSize / 10;
// set up integer variables
Integer binEnd = binSize;
Integer binStart = binEnd - binSize + 1;
Integer binCount = 1;
//-----------------------------------------------------//
System.out.println("Performing recombination rate calculation loop
");
// set up calculation loop
while ( binStart <= chrSize ) {
regression.clear();
outputContigs.clear();
// progress bar to output progress
int totalBins = chrSize/slide;
int progress = (binCount*100/totalBins);
for ( int x = 0; x < 100; x++ ) {
System.out.print("\b");
if ( progress == x ) {
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System.out.print(progress + "%");;
}
}
// for the ends of chromosomes, set the bin end as the end of the
chromosome
if ( binEnd > chrSize ) {
binEnd = chrSize;
}
// retrieve information about all the contigs in the bin
for ( int i = binStart; i <= binEnd; i++ ) {
if ( contigInfo.get(i) != null ) {
Integer chrStart = i;
Float physical = (float) chrStart/1000000;
hashOut = contigInfo.get(i);
String chrName = hashOut.get(0);
Float chrCM = Float.parseFloat(hashOut.get(1));
if ( arrayNames.get(chrName) == null ) {
arrayNames.put(chrName, new ArrayList<Float>());
}
// add contig name to array
outputContigs.add(chrName);
// add physical and genetic distances to regression data set
regression.addData(physical,chrCM);
}
}
// get gradient (Mb/cM) of regression
Float recombination = (float) regression.getSlope();
// set recombination to 0 if regression returns NaN due to zero
change in cM
if ( recombination.isNaN() ) {
recombination = (float) 0;
}
// add recombination to HashMap
for (String thisContig : outputContigs) {
arrayNames.get(thisContig).add(recombination);
}
binStart = binStart + slide;
binEnd = binEnd + slide;
binCount++;
}
//-----------------------------------------------------//
// Output file
Float outputNumber = (float) binSize/1000000;
File output = new File(sampleBasename + ".recombination.binSize."
+ outputNumber + "Mb.txt");
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BufferedWriter outputWriter = new BufferedWriter(new FileWriter(
output));
outputWriter.write("contig\tchr\tcM\tbpStart\tbpEnd\tRecombination
");
outputWriter.newLine();
outputWriter.flush();
//-----------------------------------------------------//
// calculate average recombination rate for each contig
System.out.println("Calculating average recombination values");
// parse GFF file
BufferedReader chrOutputReader = new BufferedReader(new FileReader
(chromosomeFile));
String contigOutputLine = null;
while ((contigOutputLine = chrOutputReader.readLine()) != null) {
// store into an array, separating data by tabs
String[] outputTokens = contigOutputLine.split("\t");
// extract contig name
String outputContigName = outputTokens[0];
String outputChr = outputTokens[1];
String outputCM = outputTokens[2];
String outputStart = outputTokens[3];
String outputStop = outputTokens[4];
//-----------------------------------------------------//
// get recombination for each contig
if ( arrayNames.get(outputContigName) != null ) {
ArrayList<Float> listRecombination = arrayNames.get(
outputContigName);
float sum = 0;
// sum all recombination rates from the sliding windows
for( Float i : listRecombination) {
sum += i;
}
// recombination rate for each contig calculated as an average
over the sliding windows
Float localRecombination = sum / listRecombination.size();
//-----------------------------------------------------//
// output results
outputWriter.write(outputContigName + "\t" + outputChr + "\t" +
outputCM + "\t" + outputStart + "\t" + outputStop + "\t" +
localRecombination);
outputWriter.newLine();
outputWriter.flush();
}
}
chrReader.close();
outputWriter.close();
chrOutputReader.close();
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//-----------------------------------------------------//
} catch (FileNotFoundException e) {
e.printStackTrace();
} catch (IOException e) {
e.printStackTrace();
}
}
}
C.3 Assigning gene and TE annotations to the manually
assembled barley genome
This section contains the Java code for assigning gene and TE annotations to the man-
ually assembled genome. Annotations were taken from the IBGSC (2012) project and
related to new locations on the manually assembled genome. A number of input files
were used which correspond to the locations of HC and LC genes, and tandem repeats
and TEs. GFF files containing the new locations are outputted from the program.
//-----------------------------------------------------//
// Java package
package utils.pseudoGenome;
// import declarations
import java.io.*;
import java.util.*;
// class declaration
public class barleyAnnotation {
//-----------------------------------------------------//
// set up variables
static Long hcStart, lcStart, hcEnd, lcEnd, mipsStart, mipsEnd,
mipsLength, hcLength, lcLength, teLength, tandemLength,
pseudoChrFeatureStart, pseudoChrFeatureEnd, chrStartAddToMap,
chrEndAddToMap, chrPseudoStart, chrPseudoEnd;
static String[] mipsTokens, chrTokens;
static String hcContigName, lcContigName, hcLine, lcLine, mipsLine,
chrLine, mipsFirstColumn, mipsContigName, outputChr,
chrContigName, chrPseudoChr;
static Map<String,String> chrMap = new HashMap<String,String>();
static ArrayList<Long> chrPseudoPositions;
static ArrayList<String> processedMipsContigs = new ArrayList<String
>();
static Map<String,ArrayList<Long>> chrGffMap = new HashMap<String,
ArrayList<Long>>();
static Map<String,ArrayList<Double>> recombinationMap = new HashMap<
String,ArrayList<Double>>();
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static Long teStart, teEnd, tandemStart, tandemEnd;
static String teContigName, teLine, tandemContigName, tandemLine;
static Double recombination, chrCM, outputCM, outputRecombination,
pseudoChrCM;
static ArrayList<Double> recombinationLookup;
//-----------------------------------------------------//
// command line args
public static void main(String[] args) {
// check args have been provided
if(args.length != 6) {
System.out.println("Error: incorrect number of arguments supplied.
Usage: java.utils.pseudoGenome.barleyAnnotation <mipsBarleyGFF
> <directoryWithPseudoBarleyChrGFFfiles> <HighConfGenes> <
LowConfGenes> <teFile> <tandemFile>");
System.exit(1);
}
// input files:
File mipsGFFfile = new File(args[0]);
File chrGFFdir = new File(args[1]);
File highConfGenes = new File(args[2]);
File lowConfGenes = new File(args[3]);
File teFile = new File(args[4]);
File tandemFile = new File(args[5]);
goProcess(mipsGFFfile, chrGFFdir, highConfGenes, lowConfGenes,
teFile, tandemFile);
}
//-----------------------------------------------------//
private static void goProcess(File mipsGFFfile, File chrGFFdir, File
highConfGenes, File lowConfGenes, File teFile, File tandemFile)
{
try {
// set up output file
File outputFile = new File("barleyAnnotation.all.gff");
BufferedWriter outputWriter = new BufferedWriter(new FileWriter(
outputFile));
// write out header line
outputWriter.write("###gff-Pseudo barley genome");
outputWriter.newLine();
// chromosome number array
String[] chromosomeNumbers = { "1", "2", "3", "4", "5", "6", "7"
};
// iterate over chromosomes
for (String chromosome : chromosomeNumbers) {
System.out.println("Processing chromosome " + chromosome);
// set up output chromosomes file
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File chrOutputFile = new File("barleyAnnotation." + chromosome +
".gff");
BufferedWriter chrOutputWriter = new BufferedWriter(new
FileWriter(chrOutputFile));
// write out header line
chrOutputWriter.write("###gff-Pseudo barley " + chromosome);
chrOutputWriter.newLine();
// enter data into HashMap
System.out.println("Reading chrGFF lines into HashMap");
// iterate over all the manually assembled genome GFF files
File [] chrGFFfile = chrGFFdir.listFiles();
for ( int i = 0; i < chrGFFfile.length; i ++ ) {
// check it’s a annotation file
if ( chrGFFfile[i].getName().endsWith("_" + chromosome + ".all.
recombination.txt") ) {
// parse GFF file
BufferedReader chrGffReader = new BufferedReader(new FileReader
(chrGFFfile[i]));
chrGffReader.readLine();
while (( chrLine = chrGffReader.readLine() ) != null ) {
// separate data by tabs
String[] chrTokens = chrLine.split("\t");
// Extract contig name and pseudo position
chrContigName = "morex_" + chrTokens[0];
chrStartAddToMap = Long.valueOf(chrTokens[3]);
chrEndAddToMap = Long.valueOf(chrTokens[4]);
chrPseudoChr = chrTokens[1];
chrCM = Double.parseDouble(chrTokens[2]);
recombination = Double.parseDouble(chrTokens[5]);
// enter data into HashMaps
chrGffMap.put(chrContigName, new ArrayList<Long>());
chrGffMap.get(chrContigName).add(chrStartAddToMap);
chrGffMap.get(chrContigName).add(chrEndAddToMap);
chrMap.put(chrContigName,chrPseudoChr);
recombinationMap.put(chrContigName, new ArrayList<Double>());
recombinationMap.get(chrContigName).add(chrCM);
recombinationMap.get(chrContigName).add(recombination);
// write out header lines
chrOutputWriter.write("chromosome_" + chromosome + "\t" +
chrContigName + "\t" + "a##sequence-region" + "\t" +
chrStartAddToMap + "\t" + chrEndAddToMap + "\t" + chrCM + "
\t" + recombination);
chrOutputWriter.newLine();
chrOutputWriter.flush();
outputWriter.write("chromosome_" + chromosome + "\t" +
chrContigName + "\t" + "a##sequence-region" + "\t" +
chrStartAddToMap + "\t" + chrEndAddToMap + "\t" + chrCM + "
\t" + recombination);
outputWriter.newLine();
outputWriter.flush();
} end of while loop
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chrGffReader.close();
// output progress
System.out.println("chrGffMap has " + chrGffMap.size() + "
entries");
System.out.println("chrMap has " + chrMap.size() + " entries");
} end of if statement
} end of GFF file for loop
// set up the file reader MIPS GFF file
BufferedReader mipsReader = new BufferedReader(new FileReader(
mipsGFFfile));
// read in MIPS GFF file
System.out.println("reading mips lines");
// process each line individually
mipsReader.readLine();
while (( mipsLine = mipsReader.readLine()) != null ) {
String[] mipsTokens = mipsLine.split(" ");
// extract contig name and details
mipsFirstColumn = mipsTokens[0];
// ignore "##sequence-region" entries
if (( mipsFirstColumn.startsWith("#") == false )) {
String[] mipsColumnTokens = mipsFirstColumn.split("\t");
// extract data
mipsContigName = mipsColumnTokens[0];
mipsStart = Long.parseLong(mipsColumnTokens[3]);
mipsEnd = Long.parseLong(mipsColumnTokens[4]);
mipsLength = mipsEnd - mipsStart;
// lookup data from HashMap
if (( chromosome.equals(chrMap.get(mipsContigName)) == true ))
{
// lookup pseudoEquivalent
chrPseudoPositions = chrGffMap.get(mipsContigName);
if (( chrPseudoPositions == null )) {
continue;
}
// get start and end positions in the manually assembled
genome
chrPseudoStart = chrPseudoPositions.get(0);
chrPseudoEnd = chrPseudoPositions.get(1);
// calculate new positions
pseudoChrFeatureStart = mipsStart + chrPseudoStart - 1;
pseudoChrFeatureEnd = pseudoChrFeatureStart + mipsLength;
// determine chromosome
outputChr = chrMap.get(mipsContigName);
// lookup cM and recombination
recombinationLookup = recombinationMap.get(mipsContigName);
outputCM = recombinationLookup.get(0);
outputRecombination = recombinationLookup.get(1);
// output result
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chrOutputWriter.write("chromosome_" + outputChr + "\t" +
mipsContigName + "\t" + mipsColumnTokens[2] + "\t" +
pseudoChrFeatureStart + "\t" + pseudoChrFeatureEnd + "\t" +
mipsColumnTokens[5] + "\t" + mipsColumnTokens[6] + "\t" +
mipsColumnTokens[7] + "\t" + mipsColumnTokens[8] + "\t" +
outputCM + "\t" + outputRecombination);
chrOutputWriter.newLine();
chrOutputWriter.flush();
outputWriter.write("chromosome_" + outputChr + "\t" +
mipsContigName + "\t" + mipsColumnTokens[2] + "\t" +
pseudoChrFeatureStart + "\t" + pseudoChrFeatureEnd + "\t" +
mipsColumnTokens[5] + "\t" + mipsColumnTokens[6] + "\t" +
mipsColumnTokens[7] + "\t" + mipsColumnTokens[8] + "\t" +
outputCM + "\t" + outputRecombination);
outputWriter.newLine();
outputWriter.flush();
} else {
continue;
}
} else {
continue;
}
}
//-----------------------------------------------------//
// perform same routine for HC genes GFF file
BufferedReader hcReader = new BufferedReader(new FileReader(
highConfGenes));
System.out.println("reading highConfGenes lines");
// process each line individually
while (( hcLine = hcReader.readLine()) != null ) {
String[] hcTokens = hcLine.split("\t");
// extract details
hcContigName = hcTokens[0];
hcStart = Long.parseLong(hcTokens[3]);
hcEnd = Long.parseLong(hcTokens[4]);
hcLength = hcEnd - hcStart;
// check chromosome
if (( chromosome.equals(chrMap.get(hcContigName)) == true )) {
// lookup pseudoEquivalent
chrPseudoPositions = chrGffMap.get(hcContigName);
chrPseudoStart = chrPseudoPositions.get(0);
chrPseudoEnd = chrPseudoPositions.get(1);
// calculate new positions
pseudoChrFeatureStart = hcStart + chrPseudoStart - 1;
pseudoChrFeatureEnd = pseudoChrFeatureStart + hcLength;
outputChr = chrMap.get(hcContigName);
// lookup cM and recombination
recombinationLookup = recombinationMap.get(hcContigName);
outputCM = recombinationLookup.get(0);
outputRecombination = recombinationLookup.get(1);
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// output result
chrOutputWriter.write("chromosome_" + outputChr + "\t" +
hcContigName + "\t" + hcTokens[2] + "\t" +
pseudoChrFeatureStart + "\t" + pseudoChrFeatureEnd + "\t" +
hcTokens[5] + "\t" + hcTokens[6] + "\t" + hcTokens[7] + "\t"
+ hcTokens[8] + "\t" + outputCM + "\t" + outputRecombination)
;
chrOutputWriter.newLine();
chrOutputWriter.flush();
outputWriter.write("chromosome_" + outputChr + "\t" +
hcContigName + "\t" + hcTokens[2] + "\t" +
pseudoChrFeatureStart + "\t" + pseudoChrFeatureEnd + "\t" +
hcTokens[5] + "\t" + hcTokens[6] + "\t" + hcTokens[7] + "\t"
+ hcTokens[8] + "\t" + outputCM + "\t" + outputRecombination)
;
outputWriter.newLine();
outputWriter.flush();
} else {
continue;
}
} end of while loop
//-----------------------------------------------------//
// perform same routine for LC genes GFF file
BufferedReader lcReader = new BufferedReader(new FileReader(
lowConfGenes));
System.out.println("reading lowConfGenes lines");
// process each line individually
while (( lcLine = lcReader.readLine()) != null ) {
String[] lcTokens = lcLine.split("\t");
lcContigName = "morex_" + lcTokens[0];
lcStart = Long.parseLong(lcTokens[3]);
lcEnd = Long.parseLong(lcTokens[4]);
lcLength = lcEnd - lcStart;
if (( chromosome.equals(chrMap.get(lcContigName)) == true )) {
// lookup pseudoEquivalent
chrPseudoPositions = chrGffMap.get(lcContigName);
chrPseudoStart = chrPseudoPositions.get(0);
chrPseudoEnd = chrPseudoPositions.get(1);
// calculate new positions
pseudoChrFeatureStart = lcStart + chrPseudoStart - 1;
pseudoChrFeatureEnd = pseudoChrFeatureStart + lcLength;
outputChr = chrMap.get(lcContigName);
// lookup cM and recombination
recombinationLookup = recombinationMap.get(lcContigName);
outputCM = recombinationLookup.get(0);
outputRecombination = recombinationLookup.get(1);
// output result
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chrOutputWriter.write("chromosome_" + outputChr + "\t" +
lcContigName + "\t" + lcTokens[2] + "\t" +
pseudoChrFeatureStart + "\t" + pseudoChrFeatureEnd + "\t" +
lcTokens[5] + "\t" + lcTokens[6] + "\t" + lcTokens[7] + "\t"
+ lcTokens[8] + "\t" + outputCM + "\t" + outputRecombination)
;
chrOutputWriter.newLine();
chrOutputWriter.flush();
outputWriter.write("chromosome_" + outputChr + "\t" +
lcContigName + "\t" + lcTokens[2] + "\t" +
pseudoChrFeatureStart + "\t" + pseudoChrFeatureEnd + "\t" +
lcTokens[5] + "\t" + lcTokens[6] + "\t" + lcTokens[7] + "\t"
+ lcTokens[8] + "\t" + outputCM + "\t" + outputRecombination)
;
outputWriter.newLine();
outputWriter.flush();
} else {
continue;
}
}
//-----------------------------------------------------//
// perform same routine for TE GFF file
BufferedReader teReader = new BufferedReader(new FileReader(teFile
));
System.out.println("reading TE lines");
// set up line count variables
int teLines = 19;
int teCount = 1;
// process each line individually
while (( teLine = teReader.readLine()) != null ) {
// first 19 lines are not annotation lines so ignore them
if (( teCount > teLines )) {
String[] teTokens = teLine.split("\t");
teContigName = "morex_" + teTokens[0];
teStart = Long.parseLong(teTokens[3]);
teEnd = Long.parseLong(teTokens[4]);
teLength = teEnd - teStart;
if (( chromosome.equals(chrMap.get(teContigName)) == true )) {
// lookup pseudoEquivalent
chrPseudoPositions = chrGffMap.get(teContigName);
chrPseudoStart = chrPseudoPositions.get(0);
chrPseudoEnd = chrPseudoPositions.get(1);
// calculate new positions
pseudoChrFeatureStart = teStart + chrPseudoStart - 1;
pseudoChrFeatureEnd = pseudoChrFeatureStart + teLength;
outputChr = chrMap.get(teContigName);
// lookup cM and recombination
recombinationLookup = recombinationMap.get(teContigName);
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outputCM = recombinationLookup.get(0);
outputRecombination = recombinationLookup.get(1);
// output result
chrOutputWriter.write("chromosome_" + outputChr + "\t" +
teContigName + "\t" + teTokens[2] + "\t" +
pseudoChrFeatureStart + "\t" + pseudoChrFeatureEnd + "\t" +
teTokens[5] + "\t" + teTokens[6] + "\t" + teTokens[7] + "\
t" + teTokens[8] + "\t" + outputCM + "\t" +
outputRecombination);
chrOutputWriter.newLine();
chrOutputWriter.flush();
outputWriter.write("chromosome_" + outputChr + "\t" +
teContigName + "\t" + teTokens[2] + "\t" +
pseudoChrFeatureStart + "\t" + pseudoChrFeatureEnd + "\t" +
teTokens[5] + "\t" + teTokens[6] + "\t" + teTokens[7] + "\
t" + teTokens[8] + "\t" + outputCM + "\t" +
outputRecombination);
outputWriter.newLine();
outputWriter.flush();
} else {
continue;
}
} end for while loop
teCount++;
}
//-----------------------------------------------------//
// perform same routine for tandem repeats GFF file
BufferedReader tandemReader = new BufferedReader(new FileReader(
tandemFile));
System.out.println("reading tandem lines");
// set up line count variables
int tandemLines = 19;
int tandemCount = 1;
// process each line individually
while (( tandemLine = tandemReader.readLine()) != null ) {
// first 19 lines are not annotation lines so ignore them
if (( tandemCount > tandemLines )) {
String[] tandemTokens = tandemLine.split("\t");
tandemContigName = "morex_" + tandemTokens[0];
tandemStart = Long.parseLong(tandemTokens[3]);
tandemEnd = Long.parseLong(tandemTokens[4]);
tandemLength = tandemEnd - tandemStart;
if (( chromosome.equals(chrMap.get(tandemContigName)) == true
)) {
// lookup pseudoEquivalent
chrPseudoPositions = chrGffMap.get(tandemContigName);
chrPseudoStart = chrPseudoPositions.get(0);
chrPseudoEnd = chrPseudoPositions.get(1);
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// calculate new positions
pseudoChrFeatureStart = tandemStart + chrPseudoStart - 1;
pseudoChrFeatureEnd = pseudoChrFeatureStart + tandemLength;
outputChr = chrMap.get(tandemContigName);
// lookup cM and recombination
recombinationLookup = recombinationMap.get(tandemContigName);
outputCM = recombinationLookup.get(0);
outputRecombination = recombinationLookup.get(1);
// output result
chrOutputWriter.write("chromosome_" + outputChr + "\t" +
tandemContigName + "\t" + tandemTokens[2] + "\t" +
pseudoChrFeatureStart + "\t" + pseudoChrFeatureEnd + "\t" +
tandemTokens[5] + "\t" + tandemTokens[6] + "\t" +
tandemTokens[7] + "\t" + tandemTokens[8] + "\t" + outputCM
+ "\t" + outputRecombination);
chrOutputWriter.newLine();
chrOutputWriter.flush();
outputWriter.write("chromosome_" + outputChr + "\t" +
tandemContigName + "\t" + tandemTokens[2] + "\t" +
pseudoChrFeatureStart + "\t" + pseudoChrFeatureEnd + "\t" +
tandemTokens[5] + "\t" + tandemTokens[6] + "\t" +
tandemTokens[7] + "\t" + tandemTokens[8] + "\t" + outputCM
+ "\t" + outputRecombination);
outputWriter.newLine();
outputWriter.flush();
} else {
continue;
}
}
} end of while loop
tandemCount++;
}
//-----------------------------------------------------//
mipsReader.close();
hcReader.close();
lcReader.close();
teReader.close();
tandemReader.close();
chrOutputWriter.close();
//-----------------------------------------------------//
}
outputWriter.close();
} catch (FileNotFoundException e) {
System.out.println("File not found");
e.printStackTrace();
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} catch (IOException e) {
System.out.println("IOException");
e.printStackTrace();
}
System.out.println("Pipeline complete");
}
}
C.4 Calculating average fold change of histone modifi-
cations across transcribed regions
This section contains the Java code for calculating average fold change across tran-
scribed regions in the barley genome. First a BED file with locations of transcribed
regions on the manually assembled genome are entered into a HashMap. Secondly, Ge-
nomicTools genomic overlaps (Tsirigos et al., 2012) output files detailing the positions
of peaks in relation to TSS are input iteratively. For each file, the peaks are pruned such
that only peaks starting and ending within a limit defined by the user are retained. The
positions are converted to normalised absolute values (bp/1000) for positions beyond
the TSS and TES. Within the transcribed region the relative location (between 0 and
1) output from GenomicTools are retained. The average fold change in windows of
0.01 are then calculated for -1 (1000 bp upstream of TSS) to 2 (1000 bp downstream of
TES).
//-----------------------------------------------------//
// Java package
package utils.ChIPseq;
// import declarations
import java.io.*;
import java.util.*;
import java.text.*;
// class declaration
public class GenerateHistForFoldChange {
// command line args
public static void main(String[] args) {
if(args.length != 3) {
System.out.println("Error: incorrect number of arguments supplied.
Usage: java.utils.ChIPseq.GenerateHistForFoldChange <
genomicTools output FileDir> <barley bed files> <cutOff in bp>"
);
System.exit(1);
}
// input files:
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File fileDir = new File(args[0]);
File bedFile = new File(args[1]);
Integer cutoff = Integer.parseInt(args[2]);
// goProcess
goProcess(fileDir, bedFile, cutoff);
}
//-----------------------------------------------------//
private static void goProcess(File fileDir, File bedFile, Integer
cutoff) {
try {
// round up/down bins
DecimalFormat df = new DecimalFormat("#.###");
System.out.println("Setting up HashMaps");
// set up count HashMap
Map<Double,Double> countMap = new HashMap<Double,Double>();
for (double count = -0.995 ; count < 2; count = count + 0.01) {
count = Double.parseDouble(df.format(count));
countMap.put(count, (double) 0);
}
// set up total HashMap
Map<Double,Integer> totalMap = new HashMap<Double,Integer>();
for (double count = -0.995 ; count < 2; count = count + 0.01) {
count = Double.parseDouble(df.format(count));
totalMap.put(count, 0);
}
// set up foldDensity HashMap
Map<Double,Double> foldDensityMap = new HashMap<Double,Double>();
for (double count = -0.995 ; count < 2; count = count + 0.01) {
count = Double.parseDouble(df.format(count));
foldDensityMap.put(count, (double) 0);
}
//-----------------------------------------------------//
// set up transcript length HashMap
Map<String,Integer> lengthMap = new HashMap<String,Integer>();
// set up transcript start HashMap
Map<String,Integer> startMap = new HashMap<String,Integer>();
// set up transcript end HashMap
Map<String,Integer> endMap = new HashMap<String,Integer>();
//-----------------------------------------------------//
System.out.println("Parsing bed file " + bedFile.getName());
// read in transcript info
BufferedReader bedReader = new BufferedReader(new FileReader(
bedFile));
String bedLine = null;
while (( bedLine = bedReader.readLine() ) != null ) {
String[] bedTokens = bedLine.split("\t");
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// extract variables
String bedName = bedTokens[3];
int bedStart = Integer.parseInt(bedTokens[1]);
int bedEnd = Integer.parseInt(bedTokens[2]);
int bedLength = bedEnd - bedStart;
// put values in maps
lengthMap.put(bedName, bedLength);
startMap.put(bedName, bedStart);
endMap.put(bedName, bedEnd);
}
bedReader.close();
//-----------------------------------------------------//
// iterate over peak files output from GenomicTools
File [] file = fileDir.listFiles();
for ( int i = 0; i < file.length; i ++ ) {
// check it’s a peak file
if ( file[i].getName().endsWith("coverage") ) {
System.out.println("Parsing file " + file[i].getName() );
String fileName = file[i].getName();
// set up output file
File outputFile = new File(fileName + ".hist");
BufferedWriter outputWriter = new BufferedWriter(new FileWriter(
outputFile));
// write out header line
outputWriter.write("bin" + "\t" + "total fold change" + "\t" +
"total fold change density" + "\t" + "normalised fold change
" + "\t" + "normalised fold change density");
outputWriter.newLine();
outputWriter.flush();
// set up transcript number count
int countTranscripts = 0;
// parsing peak file
BufferedReader reader = new BufferedReader(new FileReader(file[i
]));
String line = null;
while (( line = reader.readLine() ) != null ) {
String[] tokens = line.split("\t");
// extract variables
String name = tokens[0];
double start = Double.parseDouble(tokens[1]); // start is
relative to TSS
double end = Double.parseDouble(tokens[2]); // end is relative
to TSS
String[] extraInfo = tokens[3].split("\\,");
double fold = Double.parseDouble(extraInfo[3]);
// extract transcript length from HashMaps
double length = lengthMap.get(name);
// get relative peak start and end sites in bp
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double peakStart = lengthMap.get(name)*start;
double peakEnd = lengthMap.get(name)*end;
// check if peak starts and ends within the bp limit defined by
the user on the command line
boolean withinBounds = false;
if (( peakStart >= -cutoff && (peakEnd-length) <= cutoff )) {
withinBounds = true;
countTranscripts++;
}
// calculate peak length
double peakLength = peakEnd - peakStart;
// determine if the peak starts within the bounds of TSS and
TES
boolean useStart = false;
if (( start >= 0 && start <=1 )) {
useStart = true;
}
// determine if the peak ends within the bounds of TSS and TES
boolean useEnd = false;
if (( end >= 0 && start <=1 )) {
useEnd = true;
}
// normalise peak and start end sites by a factor of 1000 for
use in later for loop
double peakStartHist = peakStart/1000;
double peakEndHist = peakEnd/1000;
// set up loop, iteratin over peaks which start and end within
the bounds defined by the user
if (( withinBounds == true )) {
// if peak starts within the bounds of TSS and TES the
original relative peak start can be used
// if peak starts beyond the TSS/TES the normalised peak start
is used
if (( useStart == true )) {
peakStartHist = start;
}
// if peak ends within the bounds of TSS and TES the original
relative peak end can be used
// if peak ends beyond the TSS/TES the normalised peak end is
used
if (( useEnd == true )) {
peakEndHist = end;
}
// iterate over the transcript in bins of 0.01
// start at -1 (represents 1000 bp upstream of TSS) to 2 (
represents 1000 bp downstream of TES).
// between 0 and 1 is the TSS and TES respectively
for (double hist = -1 ; hist < 2; hist = hist + 0.01) {
double histCount = hist + 0.005;
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histCount = Double.parseDouble(df.format(histCount));
// if peak is in the bin add the fold change to binSum and
store value in HashMap
if (( (peakStartHist <= hist && peakStartHist < hist+0.01) &&
(peakEndHist >= hist) )) {
double binSum = countMap.get(histCount) + fold;
countMap.put(histCount,binSum);
// calculate fold density and store value in HashMap
double addDensity = foldDensityMap.get(histCount) + fold/(
peakLength);
foldDensityMap.put(histCount, addDensity);
Integer addCount = totalMap.get(histCount) + 1;
totalMap.put(histCount,addCount);
}
}
}
}
reader.close();
//-----------------------------------------------------//
// output average fold changes, iterating over bins
for (double count = -0.995 ; count < 2; count = count + 0.01) {
count = Double.parseDouble(df.format(count)); // count is mid
point of the bin
double totalCount = countMap.get(count); // total fold change
in bin
double totalFoldDensity = foldDensityMap.get(count); // total
fold change density in bin
// calculate average fold change in bin
Double outputNormalised = totalCount/countTranscripts;
// calculate average fold change density in bin
Double outputDensityNormalised = totalFoldDensity/
countTranscripts;
// write out results
if (( outputNormalised.isNaN() )) {
if ( count < 0 ) {
outputWriter.write(count/2 + "\t" + totalCount + "\t" +
totalFoldDensity + "\t" + "0.0" + "\t" + "0.0");
} else if ( count > 1 ) {
outputWriter.write((count/2)+0.5 + "\t" + totalCount + "\t" +
totalFoldDensity + "\t" + "0.0" + "\t" + "0.0");
} else {
outputWriter.write(count + "\t" + totalCount + "\t" +
totalFoldDensity + "\t" + "0.0" + "\t" + "0.0");
}
} else {
if ( count < 0 ) {
outputWriter.write(count/2 + "\t" + totalCount + "\t" +
totalFoldDensity + "\t" + outputNormalised + "\t" +
outputDensityNormalised);
} else if ( count > 1 ) {
outputWriter.write((count/2)+0.5 + "\t" + totalCount + "\t" +
totalFoldDensity + "\t" + outputNormalised + "\t" +
outputDensityNormalised);
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} else {
outputWriter.write(count + "\t" + totalCount + "\t" +
totalFoldDensity + "\t" + outputNormalised + "\t" +
outputDensityNormalised);
}
}
outputWriter.newLine();
outputWriter.flush();
}
}
//-----------------------------------------------------//
// clear HashMaps
countMap.clear();
totalMap.clear();
foldDensityMap.clear();
// reset count HashMap
for (double count = -0.995 ; count < 2; count = count + 0.01) {
count = Double.parseDouble(df.format(count));
countMap.put(count, (double) 0);
}
// reset total HashMap
for (double count = -0.995 ; count < 2; count = count + 0.01) {
count = Double.parseDouble(df.format(count));
totalMap.put(count, 0);
}
// reset foldDensity HashMap
for (double count = -0.995 ; count < 2; count = count + 0.01) {
count = Double.parseDouble(df.format(count));
foldDensityMap.put(count, (double) 0);
}
}
//-----------------------------------------------------//
} catch (NumberFormatException e) {
e.printStackTrace();
} catch (FileNotFoundException e) {
e.printStackTrace();
} catch (IOException e) {
e.printStackTrace();
}
}
}
References
Abed, J. and Jones, R. (2012) H3K36me3 key to Polycomb-mediated gene silencing in
lineage specification. Nature Structural and Molecular Biology, 19:1214–1215.
Ahmad, A. and Cao, X. (2012) Plant PRMTs broaden the scope of arginine methylation.
Journal of Genetics and Genomics, 39:195–208.
Ahmed, I., Sarazin, A., Bowler, C., Colot, V., and Quesneville, H. (2011) Genome-wide
evidence for local DNA methylation spreading from small RNA-targeted sequences
in Arabidopsis. Nucleic Acids Research, 39:6919–6931.
Alexandratos, N. (2009), How to feed the world in 2050. In Proceedings of a Technical
Meeting of Experts, pages 1–32. FAO, Rome.
Alvarez-Venegas, R., Pien, S., Sadder, M., Witmer, X., Grossniklaus, U., and
Avramova, Z. (2003) ATX-1, an Arabidopsis homolog of trithorax, activates flower
homeotic genes. Current Biology, 13:627–637.
Alvarez-Venegas, R., Sadder, M., Hlavacka, A., Balus˘ka, F., Xia, Y., Lu, G., Firsov, A.,
Sarath, G., Moriyama, H., Dubrovsky, J., and Avramova, Z. (2006) The Arabidopsis
homolog of trithorax, ATX1, binds phosphatidylinositol 5-phosphate, and the two
regulate a common set of target genes. Proceedings of the National Academy of
Sciences of the United States of America, 103:6049–6054.
294
References 295
Andrews, S., (2010). FastQC. A quality control tool for high throughput se-
quence data. http://www.bioinformatics.bbsrc.ac.uk/projects/
fastqc/. Last accessed February 16, 2015.
Annunziato, A. (2005) Split decision: what happens to nucleosomes during DNA repli-
cation? The Journal of Biological Chemistry, 280:12065–12068.
Argeson, A., Nelson, K., and Siracusa, L. (1996) Molecular basis of the pleiotropic
phenotype of the mice carrying the hypervariable yellow (Ahvy) mutation at the agouti
locus. Genetics, 142:557–567.
Arthur, R., Ma, L., Slattery, M., Spokony, R., Ostapenko, A., Ne`gre, N., and White,
K. (2014) Evolution of H3K27me3-marked chromatin is linked to gene expression
evolution and to patterns of gene duplication and diversification. Genome Research,
24:1115–1124.
Azuara, V., Perry, P., Sauer, S., Spivakov, M., Jørgensen, H., John, R., Gouti, M.,
Casanova, M., Warnes, G., Merkenschlager, M., and Fisher, A. (2006) Chromatin
signatures of pluripotent cell lines. Nature Cell Biology, 8:532–538.
Baker, K., Bayer, M., Cook, N., Dreißig, S., Dhillon, T., Russell, J., Hedley, P., Morris,
J., Ramsay, L., Colas, I., Waugh, R., Steffenson, B., Milne, I., Stephen, G., Marshall,
D., and Flavell, A. (2014) The low-recombining pericentromeric region of barley
restricts gene diversity and evolution but not gene expression. The Plant Journal, 79:
981–992.
Baker, M. (2011) Making sense of chromatin states. Nature Methods, 8:717–722.
Ballare´, C., Lange, M., Lapinaite, A., Martin, G., Morey, L., Pascual, G., Liefke, R.,
Simon, B., Shi, Y., Gozani, O., Carlomagno, T., Benitah, S., and Di Croce, L. (2012)
Phf19 links methylated Lys36 of histone H3 to regulation of Polycomb activity. Na-
ture Structural and Molecular Biology, 19:1257–1265.
Bannister, A., Zegerman, P., Partridge, J., Miska, E., Thomas, J., Allshire, R., and
Kouzarides, T. (2001) Selective recognition of methylated lysine 9 on histone H3 by
the HP1 chromo domain. Nature, 410:120–124.
References 296
Barski, A., Cuddapah, S., Cui, K., Roh, T., Schones, D., Wang, Z., Wei, G., Chepelev, I.,
and Zhao, K. (2007) High-resolution profiling of histone methylations in the human
genome. Cell, 18:823–837.
Baumbusch, L., Thorstensen, T., Krauss, V., Fischer, A., Naumann, K., Assalkhou,
R., Schulz, I., Reuter, G., and Aalen, R. (2001) The Arabidopsis thaliana genome
contains at least 29 active genes encoding SET domain proteins that can be assigned
to four evolutionarily conserved classes. Nucleic Acids Research, 29:4319–4333.
Bedford, M. and Clarke, S. (2009) Protein arginine methylation in mammals: who,
what, and why. Molecular Cell, 33:1–13.
Begun, D. and Aquadro, C. (1992) Levels of naturally occurring DNA polymorphism
correlate with recombination rates in D. melanogaster. Nature, 356:519–520.
Bell, O., Tiwari, V., Thoma¨, N., and Schu¨beler, D. (2011) Determinants and dynamics
of genome accessibility. Nature Reviews Genetics, 12:554–564.
Berchowitz, L., Hanlon, S., Lieb, J., and Copehnaver, G. (2009) A positive but com-
plex association between meiotic double-strand break hotspots and open chromatin
in Saccharomyces cerevisiae. Genome Research, 19:2245–2257.
Berger, S. (2007) The complex language of chromatin regulation during transcription.
Nature, 447:407–412.
Berke, L., Sanchez-Perez, G., and Snel, B. (2012) Contribution of the epigenetic mark
H3K27me3 to functional divergence after whole genome duplication in Arabidopsis.
Genome Biology, 13:R94.
Bernatavichute, Y., Zhang, X., Cokus, S., Pellegrini, M., and Jacobsen, S. (2008)
Genome-wide association of histone H3 lysine nine methylation with CHG DNA
methylation in Arabidopsis thaliana. PLoS One, 3:e3156.
Bernstein, B., Humphrey, E., Erlich, R., Schneider, R., Bouman, P., Liu, J., Kouzarides,
T., and Schreiber, S. (2002) Methylation of histone H3 Lys 4 in coding regions of
active genes. Proceedings of the National Academy of Sciences of the United States
of America, 99:8695–8700.
References 297
Bernstein, B., Kamal, M., Lindblad, K., Bekiranov, S., Bailey, D., Huebert, D., McMa-
hon, S., and Lander, E. (2005) Genomic maps and comparative analyses of histone
modifications in human and mouse. Cell, 120:169–181.
Bernstein, B., Mikkelsen, T., Xie, X., Kamal, M., Huebert, D., Cuff, J., Fry, B., Meiss-
ner, A., Wernig, M., Plath, K., Jaenisch, R., Wagschal, A., Feil, R., Schreiber, S., and
Lander, E. (2006) A bivalent chromatin structure marks key developmental genes in
embryonic stem cells. Cell, 21:315–326.
Berr, A., McCallum, E., Alioua, A., Heintz, D., Heitz, T., and Shen, W.-H. (2010)
Arabidopsis histone methyltransferase SET DOMAIN GROUP8 mediates induction
of the jasmonate/ethylene pathway genes in plant defense response to necrotrophic
fungi. Plant Physiology, 154:1403–1414.
Bird, A. and Wolffe, A. (1999) Methylation-induced repression-belts, braces and chro-
matin. Cell, 99:451–454.
Blanc, G. and Wolfe, K. (2004) Functional divergence of duplicated genes formed by
polyploidy during Arabidopsis evolution. The Plant Cell, 16:1679–1691.
Blewitt, M., Vickaryous, N., Paldi, A., Koseki, H., and Whitelaw, E. (2006) Dynamic
reprogramming of DNA methylation at an epigenetically sensitive allele in mice.
PLoS Genetics, 2:e49.
Bolger, A., Lohse, M., and Usabel, B. (2014) Trimmomatic: a flexible trimmer for
Illumina sequence data. Bioinformatics, 1:2114–2120.
Bonne-Andrea, C., Wong, M., and Alberts, B. (1990) In vitro replication through nu-
cleosomes without histone displacement. Nature, 343:719–726.
Boycheva, I., Vassileva, V., and Iantcheva, A. (2014) Histone acetyltransferases in plant
development and plasticity. Current Genomics, 15:28–37.
Brien, G., Gambero, G., O’Connell, D., Jerman, E., Turner, S., Egan, C., Dunne, E.,
Jurgens, M., Wynne, K., Piao, L., Lohan, A., Ferguson, N., Shi, X., Sinha, K., Lof-
tus, B., Cagney, G., and Bracken, A. (2012) Polycomb PHF19 binds H3K36me3 and
References 298
recruits PRC2 and demethylase NO66 to embryonic stem cell genes during differen-
tiation. Nature Structural and Molecular Biology, 19:1273–1281.
Brown, E. and Bachtrog, D. (2014) The chromatin landscape of Drosophila: compar-
isons between species, sexes, and chromosomes. Genome Research, 24:1125–1137.
Budhavarapu, V., Chavez, M., and Tyler, J. (2013) How is epigenetic information main-
tained through DNA replication? Epigenetics and Chromatin, 6:32.
Canzio, D., Chang, E., Shankar, S., Kuchenbecker, K., Simon, M., Madhani, H.,
Narlikar, G., and Al-Sady, B. (2011) Chromodomain-mediated oligomerization of
HP1 suggests a nucleosome-bridging mechanism for heterochromatin assembly.
Molecular Cell, 41:67–81.
Carchilan, M., Delgado, M., Ribeiro, T., Costa-Nunes, P., Caperta, A., Morais-Cecı´lio,
L., Jones, R., Viegas, W., and Houben, A. (2007) Transcriptionally active heterochro-
matin in rye B chromosomes. The Plant Cell, 19:1738–1749.
Carrozza, M., Li, B., Florens, L., Suganuma, T., Swanson, S., Lee, K., Shia, W., Ander-
son, S., Yates, J., Washburn, M., and Workman, J. (2005) Histone H3 methylation by
Set2 directs deacetylation of coding regions by Rpd3S to suppress spurious intragenic
transcription. Cell, 123:581–592.
Chakravarti, A. (1991) A graphical representation of genetic and physical maps: the
Marey map. Genomics, 11:219–222.
Chantalat, D. A., S and, He`ry, P., Barral, S., Thuret, J.-Y., Dimitrov, S., and Ge´rard,
M. (2011) Histone H3 trimethylation at lysine 36 is associated with constitutive and
facultative heterochromatin. Genome Research, 21:1426–1437.
Charlesworth, B., Betancourt, A., Kaiser, V., and Gordo, I. (2009) Genetic recombina-
tion and molecular evolution. Cold Spring Harbor Symposia on Quantitative Biology,
74:1–10.
Chen, J., Huang, Q., Gao, D., Wang, J., Lang, Y., Liu, T., ..., and Chen, M. (2013)
Whole-genome sequencing of Oryza brachyantha reveals mechanisms underlying
Oryza genome evolution. Nature Communications, 4:1595.
References 299
Chen, X., Hu, Y., and Zhou, D.-X. (2011) Epigenetic gene regulation by plant Jumonji
group of histone demethylase. Biochimica et Biophysica Acta, 1809:421–426.
Cheng, F., Wu, J., Fang, L., Sun, S., Liu, B., Lin, K., Bonnema, G., and Wang, X. (2012)
Biased gene fractionation and dominant gene expression among the subgenomes of
Brassica rapa. PLoS ONE, 7:e36442.
Choo, K. (1998) Why is the centromere so cold? Genome Research, 8:81–82.
Close, T., Bhat, P., Lonardi, S., Wu, Y., Rostoks, N., Ramsay, L., Druka, A., Stein,
N., Svensson, J., Wanamaker, S., Bozdag, S., Roose, M., Moscou, M., Chao, S.,
Varshney, R., Szu˝cs, P., Sato, K., Hayes, P., Matthews, D., Kleinhofs, A., Muehlbauer,
G., DeYoung, J., Marshall, D., Madishetty, K., Fenton, R., Condamine, P., Graner,
A., and Waugh, R. (2009) Development and implementation of high-throughput SNP
genotyping in barley. BMC Genomics, 10:582.
Comadran, J., Kilian, B., Russell, J., Ramsay, L., Stein, N., Ganal, M., Shaw, P., Bayer,
M., Thomas, W., Marshall, D., Hedley, P., Tondelli, A., Pecchioni, N., Francia, E.,
Korzun, V., Walther, A., and Waugh, R. (2012) Natural variation in a homolog of An-
tirrhinum CENTRORADIALIS contributed to spring growth habit and environmental
adaptation in cultivated barley. Nature Genetics, 44:1388–1392.
Conesa, A., Go¨tz, S., Garcı´a-Go´mez, J., Terol, J., Talo´n, M., and Robles, M. (2005)
Blast2GO: a universal tool for annotation, visualization and analysis in functional
genomics research. Bioinformatics, 21:3674–3676.
Corey, L., Weirich, C., Benjamin, I., and Kingston, R. (2003) Localized recruitment of
a chromatin-remodeling activity by an activator in vivo drives transcriptional elonga-
tion. Genes and Development, 17:1392–1401.
Crichton, J., Playfoot, C., and Adams, I. (2014) The role of chromatin modifications
in progression through mouse meiotic prophase. Journal of Genetics and Genomics,
41:97–106.
References 300
Curradi, M., Izzo, A., Badaracco, G., and Landsberger, N. (2002) Molecular mech-
anisms of gene silencing mediated by DNA methylation. Molecular and Cellular
Biology, 22:3157–3173.
Czermin, B., Melfi, R., McCabe, D., Seitz, V., Imhof, A., and Pirrotta, V. (2002)
Drosophila enhancer of Zeste/ESC complexes have a histone H3 methyltransferase
activity that marks chromosomal Polycomb sites. Cell, 18:185–196.
Danzer, J. and Wallrath, L. (2004) Mechanisms of HP1-mediated gene silencing in
Drosophila. Development, 131:3571–3580.
Daron, J., Glover, N., Pingault, L., Theil, S., Jamilloux, V., Paux, E., Barbe, V.,
Mangenot, S., Alberti, A., Wincker, P., Quesneville, H., Feuillet, C., and Choulet,
F. (2014) Organization and evolution of transposable elements along the bread wheat
chromosome 3B. Genome Biology, 15:546.
Das, C., Lucia, M., Hansen, K., and Tyler, J. (2009) CBP/p300-mediated acetylation of
histone H3 on lysine 56. Nature, 459:113–117.
Das, P., Ramachandran, K., vanWert, J., and Singal, R. (2004) Chromatin immunopre-
cipitation assay. BioTechniques, 37:961–969.
Daxinger, L. and Whitelaw, E. (2010) Transgenerational epigenetic inheritance: More
questions than answers. Genome Research, 10:1623–1628.
De Lucia, F., Crevillen, P., Jones, A., Greb, T., and Dean, C. (2008) A PHD-Polycomb
Repressive Complex 2 triggers the epigenetic silencing of FLC during vernalization.
Proceedings of the National Academy of Sciences of the United States of America,
105:16831–16836.
Dean, C. and Schmidt, R. (1995) Plant genomes: a current molecular description. An-
nual Review of Plant Physiology and Plant Molecular Biology, 46:395–418.
Diaz, A., Park, K., Lim, D., and Song, J. (2012) Normalization, bias correction, and
peak calling for ChIP-seq. Statistical Applications in Genetics and Molecular Biol-
ogy, 11:Article 9.
References 301
Ding, Y., Wang, X., Su, L., Zhai, J., Cao, S., Zhang, D., Liu, C., Bi, Y., Qian, Q.,
Chen, Z., Chu, C., and Cao, X. (2007) SDG714, a histone H3K9 methyltransferase,
is involved in Tos17 DNA methylation and transposition in rice. The Plant Cell, 19:
9–22.
Dobin, A., Davis, C., Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S., Batut, P., Chais-
son, M., and Gingeras, T. (2013) STAR: ultrafast universal RNA-seq aligner. Bioin-
formatics, 29:15–21.
Dong, X., Reimer, J., Go¨bel, U., Engelhorn, J., He, F., Schoof, H., and Turck, F. (2012)
Natural variation of H3K27me3 distribution between two Arabidopsis accessions and
its association with flanking transposable elements. Genome Biology, 13:R117.
Dorn, E. and Cook, J. (2011) Nucleosomes in the neighborhood: new roles for chro-
matin modifications in replication origin control. Epigenetics, 6:552–559.
Druka, A., Muehlbauer, G., Druka, I., Caldo, R., Baumann, U., Rostoks, N., Schreiber,
A., Wise, R., Close, T., Kleinhofs, A., Graner, A., Schulman, A., Langridge, P., Sato,
K., Hayes, P., McNicol, J., Marshall, D., and Waugh, R. (2006) An atlas of gene
expression from seed to seed through barley development. Functional and Integrative
Genomics, 6:202–211.
Drummond, A., Ashton, B., Buxton, S., Cheung, M., Cooper, A., Duran, C., Field,
M., Heled, J., Kearse, M., Markowitz, S., Moir, R., Stones-Havas, S., Sturrock, S.,
Thierer, T., and Wilson, A., (2011). Geneious v6.1.6 created by Biomatters. http:
//www.geneious.com/.
Du, J., Zhixi, T., Sui, Y., Zhao, M., Song, S., Q.and Cannon, Cregan, P., and Ma, J.
(2012) Pericentromeric effects shape the patterns of divergence, retention, and ex-
pression of duplicated genes in the paleopolyploid soybean. Nucleic Acids Research,
24:21–32.
Du, Z., Zhou, X., Ling, Y., Zhang, Z., and Su, Z. (2010) AgriGO: a GO analysis toolkit
for the agricultural community. Nucleic Acids Research, 38:W64–W70.
References 302
Ebert, A., Schotta, G., Lein, S., Kubicek, S., Krauss, V., Jenuwein, T., and Reuter, G.
(2004) Su(var) genes regulate the balance between euchromatin and heterochromatin
in Drosophila. Genes and Development, 18:2973–2983.
Egelhofer, T., Minoda, A., Klugman, K., S. Lee, Kolasinska-Zwierz, P., Alekseyenko,
A., Cheung, M., Day, D., Gadel, S., and Lieb, J. (2011) An assessment of histone-
modification antibody quality. Nature Structural and Molecular Biology, 18:91–93.
Eichten, S., Ellis, N., Makarevitch, I., Yeh, C.-T., Gent, J., Guo, L., McGinnis, K.,
Zhang, X., Schnable, P., Vaughn, M., Dawe, R., and Springer, N. (2012) Spreading
of heterochromatin is limited to specific families of maize retrotransposons. PLoS
Genetics, 8:e1003127.
Eissenberg, J. and Elgin, S. (2000) The HP1 protein family: getting a grip on chromatin.
Current Opinion in Genetics and Development, 10:204–210.
Ernst, J. and Kellis, M. (2010) Discovery and characterization of chromatin states for
systematic annotation of the human genome. Nature Biotechnology, 28:817–825.
Ernst, J. and Kellis, M. (2012) Chromhmm: automating chromatin-state discovery and
characterization. Nature Methods, 9:215–216.
Fan, X., Lamarre-Vincent, N., Wang, Q., and Struhl, K. (2008) Extensive chromatin
fragmentation improves enrichment of protein binding sites in chromatin immuno-
precipitation experiments. Nucleic Acids Research, 36:e125.
Fejes, A., Robertson, G., Bilenky, M., Varhol, R., Bainbridge, M., and Jones, S. (2008)
FindPeaks 3.1: a tool for identifying areas of enrichment from massively parallel
short-read sequencing technology. Bioinformatics, 24:1729–1730.
Feng, Q., Zhang, Y., Hao, P., Wang, S., Fu, G., Huang, Y., ..., and Han, B. (2002)
Sequence and analysis of rice chromosome 4. Nature, 420:316–320.
Filion, G., van Bemmel, J., Braunschweig, U., Talhout, W., Kind, J., Ward, L., Brug-
man, W., de Castro, T., Kerkhoven, R., Bussemaker, H., and van Steensel, B.
(2010) Systematic protein location mapping reveals five principal chromatin types
in Drosophila cells. Cell, 143:212–224.
References 303
Fitch, W. (2000) Homology: a personal view on some of the problems. Trends in
Genetics, 16:227–231.
Force, A., Lynch, M., Pickett, F., Amores, A., Yan, Y., and Postlethwait, J. (1999)
Preservation of duplicate genes by complementary, degenerative mutations. Genetics,
151:1531–1545.
Fox, C., Johnson, F., Whiting, J., and Roller, P. (1985) Formaldehyde fixation. The
Journal of Histochemistry and Cytochemistry, 33:845–853.
Francis, N., Follmer, N., Simon, M., Aghia, G., and Butler, J. (2009) Polycomb proteins
remain bound to chromatin and DNA during DNA replication in vitro. Cell, 137:110–
122.
Freeling, M. (2009) Bias in plant gene content following different sorts of duplication:
tandem, whole-genome, segmental, or by transposition. Annual Review of Plant Bi-
ology, 60:433–453.
Fu, H., Zheng, Z., and Dooner, H. (2002) Recombination rates between adjacent genic
and retrotransposon regions in maize vary by 2 orders of magnitude. Proceedings of
the National Academy of Sciences of the United States of America, 99:1082–1087.
Fuchs, J., Demidov, D., Houben, A., and Schubert, I. (2006) Chromosomal histone
modification patterns - from conservation to diversity. Trends in Plant Science, 11:
199–208.
Fuks, F., Hurd, P., Deplus, R., and Kouzarides, T. (2003) The DNA methyltransferases
associate with HP1 and the SUV39H1 histone methyltransferase. Nucleic Acids Re-
search, 31:2305–2312.
Fullwood, M., Wei, C.-L., Liu, E., and Ruan, Y. (2009) Next-generation DNA sequenc-
ing of paired-end tags (PET) for transcriptome and genome analyses. Genome Re-
search, 19:521–532.
Galande, S. and Haldar, D. (2010) p300-mediated acetylation of histone H3 lysine 56
functions in DNA damage response in mammals. The Journal of Biological Chem-
istry, 285:28553–28564.
References 304
Gao, X., Hou, Y., Ebina, H., Levin, H. L., and Voytas, D. F. (2008) Chromodomains
direct integration of retrotransposons to heterochromatin. Genome Research, 18:
359–369.
Gaudin, V., Libault, M., Pouteau, S., Juul, T., Zhao, G., Lefebvre, D., and Grandjean, O.
(2001) Mutations in LIKE HETEROCHROMATIN PROTEIN 1 affect flowering time
and plant architecture in Arabidopsis. Development, 128:4847–4858.
Gendall, A., Levy, Y., Wilson, A., and Dean, C. (2001) The VERNALIZATION 2 gene
mediates the epigenetic regulation of vernalization in Arabidopsis. Cell, 107:525–
535.
Gent, J., Dong, Y., Jiang, J., and Dawe, R. (2012) Strong epigenetic similarity between
maize centromeric and pericentromeric regions at the level of small RNAs, DNA
methylation and H3 chromatin modifications. Nucleic Acids Research, 40:1550–
1560.
Godfray, H., Beddington, J., Crute, I., Haddad, L., Lawrence, D., Muir, J., Pretty, J.,
Robinson, S., Thomas, S., and Toulmin, C. (2010) Food security: the challenge of
feeding 9 billion people. Science, 327:812–818.
Graille, M., Stura, E., Corper, A., Sutton, B., Taussig, M., Charbonnier, J.-B., and
Silverman, G. (2000) Crystal structure of a Staphylococcus aureus protein A domain
complexed with the Fab fragment of a human IgM antibody: structural basis for
recognition of B-cell receptors and superantigen activity. Proceedings of the National
Academy of Sciences of the United States of America, 97:5399–5404.
Greer, E., Maures, T., Ucar, D., Hauswirth, A., Mancini, E., Lim, J., Benayoun, B., Shi,
Y., and Brunet, A. (2011) Transgenerational epigenetic inheritance of longevity in
Caenorhabditis elegans. Nature, 479:365–371.
Gupta, A., Chin, W., Zhu, L., Mok, S., Luah, Y.-H., Lim, E.-H., and Bozdech, Z. (2013)
Dynamic epigenetic regulation of gene expression during the life cycle of malaria
parasite Plasmodium falciparum. PLoS Pathogens, 9:e1003170.
References 305
Ha, M., Ng, D.-K., Li, W.-H., and Chen, Z. (2011) Coordinated histone modifications
are associated with gene expression variation within and between species. Genome
Research, 21:590598.
Hall, A., Kettler, G., and Preuss, D. (2006) Dynamic evolution at pericentromeres.
Genome Research, 16:355–364.
Hall, L., Mitchell, S., and O Neill, R. (2012) Pericentric and centromeric transcription:
a perfect balance required. Chromosome Research, 20:535–546.
Hammer, Ø., Harper, D., and Ryan, P. (2001) PAST: Paleontological statistics software
package for education and data analysis. Palaeontologia Electronica, 4:9.
Han, J., Zhou, H., Horazdovsky, B., Zhang, K., Xu, R., and Zhang, Z. (2007) Rtt109
acetylated histone H3 56 and functions in DNA replication. Science, 315:653–655.
Haring, M., Offerman, S., Danker, T., Horst, I., Peterhansel, C., and Stam, M. (2007)
Chromatin immunoprecipitation: optimization, quantitative analysis and data nor-
malization. Plant Methods, 3:11.
He, G., Zhu, X., Elling, A., Chen, L., Wang, X., Guo, L., Liang, M., He, H., Zhang, H.,
Chen, F., Qi, Y., Chen, R., and Deng, X.-W. (2010) Global epigenetic and transcrip-
tional trends among two rice subspecies and their reciprocal hybrids. The Plant Cell,
22:17–33.
He, G., Chen, B., Wang, X., Li, X., Li, J., He, H., Yang, M., Lu, L., Qi, Y., Wang, X.,
and Deng, X. (2013) Conservation and divergence of transcriptomic and epigenomic
variation in maize hybrids. Genome Biology, 14:R57.
Higgins, J., Perry, R., Barakate, A., Ramsay, L., Waugh, R., Halpin, C., Armstrong, S.,
and Franklin, F. (2012) Spatiotemporal asymmetry of the meiotic program underlies
the predominantly distal distribution of meiotic crossovers in barley. The Plant Cell,
24:4096–4109.
Hirotsune, S., Yoshida, N., Chen, A., Garrett, L., Sugiyama, F., Takahashi, S., Yagami,
K., Wynshaw-Boris, A., and Yoshiki, A. (2003) An expressed pseudogene regulates
the messenger-RNA stability of its homologous coding gene. Nature, 423:91–96.
References 306
Holec, S. and Berger, F. (2012) Polycomb group complexes mediate developmental
transitions in plants. Plant Physiology, 158:35–43.
Honda, S. and Selker, E. (2008) Direct interaction between DNA methyltransferase
DIM-2 and HP1 is required for DNA methylation in Neurospora crassa. Molecular
and Cellular Biology, 28:6044–6055.
Hong, L., Schroth, G., Matthews, H., and Bradbury, E. (1993) Studies of the DNA
binding properties of histone H4 amino terminus. thermal denaturation studies reveal
that acetylation markedly reduces the binding constant of the H4 ”tail” to DNA. The
Journal of Biological Chemistry, 268:305–314.
Houben, A., Demidov, D., Gernand, D., Meister, A., Leach, C., and Schubert, I. (2003)
Methylation of histone H3 in euchromatin of plant chromosomes depends on basic
nuclear DNA content. The Plant Journal, 33:967–973.
Huda, A., Marin˜o Ramı´rez, L., and Jordan, I. (2010) Epigenetic histone modifications
of human transposable elements: genome defense versus exaptation. Mobile DNA, 1:
2.
Hudson, R. (1994) How can the low levels of DNA sequence variation in regions of
the Drosophila genome with low recombination be explained? Proceedings of the
National Academy of Sciences of the United States of America, 91:6815–6818.
Huo, N., Garvin, D., You, F., McMahon, S., Luo, M., Gu, Y., Lazo, G., and Vogel,
J. (2011) Comparison of a high-density genetic linkage map to genome features in
the model grass Brachypodium distachyon. Theoretical and Applied Genetics, 123:
455–464.
Hurst, L. (2002) The Ka/Ks ratio: diagnosing the form of sequence evolution. Trends in
Genetics, 18:486.
IBM Corp., (2012). IBM SPSS Statistics for Windows, Version 21.0. Armonk, NY:
IBM Corp.
International Barley Genome Sequencing Consortium (IBGSC). (2012) A physical, ge-
netic, and functional sequence assembly of the barley genome. Nature, 491:711–716.
References 307
International Rice Genome Sequencing Consortium (IRGSC). (2005) The map-based
sequence of the rice genome. Nature, 436:793–800.
Irvine, V., Zaratiegui, M., Tolia, N., Goto, D., Chitwood, D., Vaughn, M., Joshua-Tor,
L., and Martienssen, R. (2006) Argonaute slicing is required for heterochromatic
silencing and spreading. Science, 313:1134–1127.
Jackson, J., Lindroth, A., Cao, X., and Jacobsen, S. (2002) Control of CpNpG DNA
methylation by the KRYPTONITE histone H3 methyltransferase. Nature, 416:556–
560.
Jackson, V. (1999) Formaldehyde cross-linking for studying nucleosome dynamics.
Methods, 17:125–139.
Jacob, Y. and Michaels, S. (2009) H3K27me1 is E(z) in animals, but not in plants.
Epigenetics, 4:366.
Jacob, Y., Feng, S., LeBlanc, C., Bernatavichute, Y., Stroud, H., Cokus, S., Johnson,
L., Pellegrini, M., and Jacobsen, S., S.E. Michaels. (2009) ATXR5 and ATXR6 are
H3K27 monomethyltransferases required for chromatin structure and gene silencing.
Nature Structural and Molecular Biology, 16:763–768.
Jacob, Y., Stroud, H., LeBlanc, C., Feng, S., Zhuo, L., Caro, E., Hassel, C., Gutier-
rez, C., Michaels, S., and Jacobsen, S. (2010) Regulation of heterochromatic DNA
replication by histone H3 lysine 27 methyltransferases. Nature, 466:987–991.
Jacobs, S. and Khorasanizadeh, S. (2002) Structure of HP1 chromodomain bound to a
lysine 9-methylated histone H3 tail. Science, 295:2080–2083.
Janeway, C., Travers, P., Walport, M., and Shlomchik, M. (2001), The structure of a
typical antibody molecule. In Immunobiology: The Immune System in Health and
Disease. 5th edition. Garland Science, New York.
Jansen, A. and Vestrepen, K. (2011) Nucleosome positioning in Saccharomyces cere-
visiae. Microbiology and Molecular Biology Reviews, 75:301–320.
Jiang, N., Bao, Z., Zhang, X., Eddy, S., and Wessler, S. (2004) Pack-MULE transpos-
able elements mediate gene evolution in plants. Nature, 431:569–573.
References 308
Jiao, Y., Wickett, N., Ayyampalayam, S., Chanderbali, A., Landherr, P., L. and. Ralph,
Tomsho, L., Hu, Y., Liang, H., Soltis, P., Soltis, D., Clifton, S., Schlarbaum, S.,
Schuster, S., Ma, H., Leebens-Mack, J., and dePamphilis, C. (2011) Ancestral poly-
ploidy in seed plants and angiosperms. Nature, 473:97–100.
Jin, W., Lamb, J., Zhang, W., Kolano, B., Birchler, J., and Jiang, J. (2008) Histone
modifications associated with both A and B chromosomes of maize. Chromosome
Research, 16:1203–1214.
Joshi, A. and Struhl, K. (2005) Eaf3 chromodomain interaction with methylated H3-
K36 links histone deacetylation to Pol II elongation. Molecular Cell, 20:971–978.
Jost, K., Bertulat, B., and Cardoso, M. (2012) Heterochromatin and gene positioning:
inside, outside, any side? Chromosoma, 121:555–563.
Jothi, R., Cuddapah, S., Barski, A., Cui, K., and Zhao, K. (2008) Genome-wide iden-
tification of in vivo protein-DNA binding sites from ChIP-Seq data. Nuclei Acids
Research, 36:5221–5231.
Kalendar, R., Tanskanen, J., Chang, W., Antonius, K., Sela, H., Peleg, O., and Schul-
man, A. (2008) Cassandra retrotransposons carry independently transcribed 5S RNA.
Proceedings of the National Academy of Sciences of the United States of America,
105:5833–5838.
Kapazoglou, A., Tondelli, A., Papaefthimiou, D., Ampatzidou, H., Francia, E., Stanca,
M., Bladenopoulos, K., and Tsaftaris, A. (2010) Epigenetic chromatin modifiers in
barley: IV. the study of barley Polycomb group (PcG) genes during seed development
and in response to external ABA. BMC Plant Biology, 10:73.
Kaplan, T., Liu, C., Erkmann, J., Holik, J., Grunstein, M., Kaufman, P., Friedman, N.,
and Rando, O. (2008) Cell cycle and chaperone-mediated regulation of H3K56ac
incorporation in yeast. PLoS Genetics, 4:e1000270.
Kaufmann, K., Muin˜o, J., Ostera˚s, M., Farinelli, L., Krajewski, P., and Angenent, G.
(2010) Chromatin immunoprecipitation (ChIP) of plant transcription factors followed
References 309
by sequencing (ChIP-SEQ) or hybridization to whole genome arrays (ChIP-CHIP).
Nature Protocols, 5:457–472.
Keogh, M., Kurdistani, S., Morris, S., Ahn, S., Podolny, V., Collins, S., Schuldiner,
M., Chin, K., Punna, T., Thompson, N., Boone, C., Emili, A., Weissman, J., Hughes,
T., Strahl, B., Grunstein, M., Greenblatt, J., Buratowski, S., and Krogan, N. (2005)
Cotranscriptional Set2 methylation of histone H3 lysine 36 recruits a repressive Rpd3
complex. Cell, 123:593–605.
Kharchenko, P., Tolstorukov, M., and Park, P. (2008) Design and analysis of ChIP-seq
experiments for DNA-binding proteins. Nature Biotechnology, 26:1351–1359.
Kharchenko, P., Alekseyenko, A., Schwartz, Y., Minoda, A., Riddle, N., Ernst, J., Sabo,
P., Larschan, E., Gorchakov, A., Gu, T., Linder-Basso, D., Plachetka, A., Shanower,
G., Tolstorukov, M., Luquette, L., Xi, R., Jung, Y., Park, R., Bishop, E., Canfield,
T., Sandstrom, R., Thurman, R., MacAlpine, D., Stamatoyannopoulos, J., Kellis, M.,
Elgin, S., Kuroda, M., Pirrotta, V., Karpen, G., and Park, P. (2011) Comprehensive
analysis of the chromatin landscape in Drosophila. Nature, 471:480–485.
Kidder, B., Hu, G., and Zhao, K. (2011) ChIP-Seq: technical considerations for obtain-
ing high-quality data. Nature Immunology, 12:919–922.
Kim, J., Islam-Faridi, M., Klein, P., Stelly, D., Price, H., Klein, R., and Mullet, J. (2005)
Comprehensive molecular cytogenetic analysis of sorghum genome architecture: dis-
tribution of euchromatin, heterochromatin, genes and recombination in comparison
to rice. Genetics, 171:1963–9976.
Kizer, K., Phatnani, H., Shibata, Y., Hall, H., Greenleaf, A., and Strahl, B. (2005) A
novel domain in Set2 mediates RNA polymerase II interaction and couples histone
H3 K36 methylation with transcript elongation. Molecular and Cellular Biology, 25:
3305–3316.
Koressaar, T. and Remm, M. (2007) Enhancements and modifications of primer design
program Primer3. Bioinformatics, 15:1289–1291.
References 310
Kornberg, R. (2007) The molecular basis of eukaryotic transcription. Proceedings of the
National Academy of Sciences of the United States of America, 104:12955–12961.
Kouzarides, T. (2007) Chromatin modifications and their function. Cell, 128:693–705.
Krogan, N., Kim, M., Tong, A., Golshani, A., Cagney, G., Canadien, V., Richards, D.,
Beattie, B., Emili, A., Boone, C., Shilatifard, A., Buratowski, S., and Greenblatt, J.
(2003) Methylation of histone H3 by Set2 in Saccharomyces cerevisiae is linked to
transcriptional elongation by RNA Polymerase II. Molecular and Cellular Biology,
23:4207–4218.
Krzywinski, M., Schein, J., Birol, I., Connors, J., Gascoyne, R., Horsman, D., Jones,
S., and Marra, M. (2009) Circos: an information aesthetic for comparative genomics.
Genome Research, 19:1639–1645.
Kwon, S.-J., Hong, S.-W., Son, J.-H., Lee, J., Cha, Y.-S., Eun, M.-Y., and Kim, N.-S.
(2006) CACTA and MITE transposon distributions on a genetic map of rice using
F15 RILs derived from Milyang 23 and Gihobyeo hybrids. Molecules and Cells, 21:
360–366.
Lachner, M., O’Carroll, D., Rea, S., Mechtler, K., and Jenuwein, T. (2001) Methylation
of histone H3 lysine 9 creates a binding site for HP1 proteins. Nature, 410:116–120.
Landt, S., Marinov, G., Kundaje, A., Kheradpour, P., Pauli, F., Batzoglou, S., Bernstein,
B., and Snyder, M. (2012) ChIP-seq guidelines and practices of the ENCODE and
modENCODE consortia. Genome Research, 22:1813–1831.
Langmead, B. and Salzberg, S. (2012) Fast gapped-read alignment with Bowtie 2. Na-
ture Methods, 4:357–359.
Langmead, B., Trapnell, C., Pop, M., and Salzberg, S. (2009) Ultrafast and memory-
efficient alignment of short DNA sequences to the human genome. Genome Biology,
10:R25.
Lauberth, S., Nakayama, T., Wu, X., Ferris, A., Tang, Z., Hughes, S., and Roeder, R.
(2013) H3K4me3 interactions with TAF3 regulate preinitiation complex assembly
and selective gene activation. Cell, 152:1021–1036.
References 311
Lee, D., Hayes, J., Pruss, D., and Wolffe, A. (1993) A positive role for histone acetyla-
tion in transcription factor access to nucleosomal DNA. Cell, 72:73–84.
Lee, T., Pascuzzi, P., Settlage, S., Shultz, R., Tanurdzic, M., Rabinowicz, P., Menges,
M., and Thompson, W. (2010) Arabidopsis thaliana chromosome 4 replicates in two
phases that correlate with chromatin state. PLoS Genetics, 6:e1000982.
Levin, H. and Moran, J. (2011) Dynamic interactions between transposable elements
and their hosts. Nature Reviews Genetics, 12:615–627.
Li, B., Howe, L., Anderson, S., Yates, F. r., and Workman, J. (2003) The Set2 histone
methyltransferase functions through the phosphorylated carboxyl-terminal domain of
RNA polymerase II. The Journal of Biological Chemistry, 278:8897–8903.
Li, H. and Durbin, R. (2009) Fast and accurate short read alignment with Burrows-
Wheeler transform. Bioinformatics, 25:1754–1760.
Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., Marth, G., Abeca-
sis, G., Durbin, R., and 1000 Genome Project Data Processing Subgroup. (2009) The
sequence alignment/map (SAM) format and SAMtools. Bioinformatics, 25:2078–
2079.
Li, Q., Zhou, H., Wurtele, H., Davies, B., Horazdovsky, B., Verreault, A., and Zhang,
Z. (2008)a Acetylation of histone H3 lysine 56 regulates replication-coupled nucleo-
some assembly. Cell, 134:244–255.
Li, X., Wang, X., He, K., Ma, Y., Su, N., He, H., Stolc, V., and Deng, W. (2008)b
High-resolution mapping of epigenetic modifications of the rice genome uncovers
interplay between DNA methylation, histone methylation, and gene expression. The
Plant Cell, 20:259–276.
Li, X., Zhu, J., Hu, F., Ge, S., Ye, M., Xiang, H., Zhang, G., Zheng, X., Zhang, H.,
Zhang, S., Li, Q., Luo, R., Yu, C., Yu, J., Sun, J., Zou, X., Cao, X., Xie, X., Wang, J.,
and Wang, W. (2012) Single-base resolution maps of cultivated and wild rice methy-
lomes and regulatory roles of dna methylation in plant gene expression. BMC Ge-
nomics, 13:300.
References 312
Lima-De-Faria, A. and Jaworska, H. (1968) Late DNA synthesis in heterochromatin.
Nature, 217:138–142.
Lippman, Z., Gendrel, A., Black, M., Vaughn, M., Dedhia, N., McCombie, W., Lavine,
K., Mittal, V., May, B., Kasschau, K., Carrington, J., Doerge, R., Colot, V., and Mar-
tienssen, R. (2004) Role of transposable elements in heterochromatin and epigenetic
control. Nature, 430:471–476.
Liu, C., Lu, F., and Cao, X. (2010) Histone methylation in higher plants. Annual Review
of Plant Biology, 61:395–420.
Liu, X., Zhou, C., Zhao, Y., Zhou, S., Wang, W., and Zhou, D.-X. (2014) The rice En-
hancer of zeste [E(z)] genes SDG711 and SDG718 are respectively involved in long
day and short day signaling to mediate the accurate photoperiod control of flowering
time. Frontiers in Plant Science, 5:591.
Lo, S., Follmer, N., Lengsfeld, B., Madamba, E., Seong, S., Grau, D., and Francis,
N. (2012) A bridging model for persistence of a Polycomb Group protein complex
through DNA replication in vitro. Molecular Cell, 46:784–796.
Lu, Z., Huang, X., Ouyang, Y., and Yao, J. (2013) Genome-wide identification, phy-
logenetic and co-expression analysis of OsSET gene family in rice. PLoS ONE, 8:
e65426.
Luger, K., Ma¨der, A., Richmond, R., Sargent, D., and Richmond, T. (1997) Crystal
structure of the nucleosome core particle at 2.8 A˚ resolution. Nature, 389:251–260.
Luger, K., Dechassa, M., and Tremethick, D. (2012) New insights into nucleosome
and chromatin structure: an ordered state or a disordered affair? Nature Reviews
Molecular Cell Biology, 13:436–447.
Luo, M. C., Deal, K. R., Akhunov, E. D., Akhunov, A. R., Anderson, O. D., Anderson,
J. A., Blake, N., Clegg, M. T., Coleman-Derr, D., Conley, E. J., Crossman, C. C.,
Dubcovsky, J., Gill, B. S., Gu, Y. Q., Hadam, J., Heo, H. Y., Huo, N., Lazo, G.,
Ma, Y., Matthews, D. E., McGuire, P. E., Morrell, P. L., Qualset, C. O., Renfro, J.,
Tabanao, D., Talbert, L. E., Tian, C., Toleno, D. M., Warburton, M. L., You, F. M.,
References 313
Zhang, W., and Dvorak, J. (2009) Genome comparisons reveal a dominant mecha-
nism of chromosome number reduction in grasses and accelerated genome evolution
in Triticeae. Proceedings of the National Academy of Sciences of the United States
of America, 106:15780–15785.
Lusser, A., Ko¨lle, D., and Loidl, P. (2001) Histone acetylation: lessons from the plant
kingdom. Trends in Plant Science, 6:59–65.
Lynch, M. and Conery, J. (2000) The evolutionary fate and consequences of duplicate
genes. Science, 290:1151–1155.
Makarevitch, I., Eichten, S., Briskine, R., Waters, A., Danilevskaya, O., Meeley, R.,
Myers, C., Vaughn, M., and Springer, N. (2013) Genomic distribution of maize fac-
ultative heterochromatin marked by trimethylation of H3K27. The Plant Cell, 25:
780–793.
Malone, B., Tan, F., Bridges, S., and Peng, Z. (2011) Comparison of four ChIP-seq an-
alytical algorithms using rice endosperm H3K27 trimethylation profiling data. PLoS
ONE, 6:e25260.
Manninen, I. and Schulman, A. (1993) BARE-1, a copia-like retroelement in barley
(Hordeum vulgare L). Plant Molecular Biology, 22:829–846.
Martens, J., OSullivan, R., Braunschweig, U., Opravil, S., Radolf, M., Steinlein, P., and
Jenuwein, T. (2005) The profile of repeat-associated histone lysine methylation states
in the mouse epigenome. The EMBO Journal, 24:800–812.
Martin, M. (2011) Cutadapt removes adapter sequences from high-throughput sequenc-
ing reads. EMBnet Journal, 17:10–12.
Mascher, M., Muehlbauer, G., Rokhsar, D., Chapman, J., Schmutz, J., Barry, K., Mun˜oz
Amatriaı´n, M., Close, T., Wise, R., Schulman, A., Himmelbach, A., Mayer, K.,
Scholz, U., Poland, J., Stein, N., and Waugh, R. (2013) Anchoring and ordering
NGS contig assemblies by population sequencing (POPSEQ). The Plant Journal, 76:
718–727.
References 314
Masumoto, H., Hawke, D., Kobayashi, R., and Verreault, A. (2005) A role for cell-
cycle-regulated histone H3 lysine 56 acetylation in the DNA damage response. Na-
ture, 436:294–298.
Matsumoto, T., Tanaka, T., Sakai, H., Amano, N., Kanamori, H., Kurita, K., Kikuta,
A., Kamiya, K., Yamamoto, M., Ikawa, H., Fujii, N., Hori, K., Itoh, T., and Sato, K.
(2011) Comprehensive sequence analysis of 24,783 barley full-length cDNAs derived
from 12 clone libraries. Plant Physiology, 156:20–28.
Mayer, K., Martis, M., Hedley, P., S˘imkova´, H., Liu, H., Morris, J., Steuernagel, B.,
Taudien, S., Roessner, S., Gundlach, H., Kubala´kova´, M., Sucha´nkova´, P., Murat, F.,
Felder, M., Nussbaumer, T., Graner, A., Salse, J., Endo, T., Sakai, H., Tanaka, T.,
Itoh, T., Sato, K., Platzer, M., Matsumoto, T., Scholz, U., Dolezel, J., Waugh, R.,
and Stein, N. (2011) Unlocking the barley genome by chromosomal and comparative
genomics. The Plant Cell, 23:1249–1263.
McClintock, B. (1950) The origin and behaviour of mutable loci in maize. Proceedings
of the National Academy of Sciences of the United States of America, 36:344–355.
Meagher, R. (2010) The evolution of epitype. The Plant Cell, 22:1658–1666.
Michaud, E., van Vugt, M., Bultman, S., Sweet, H., Davisson, M., and Woychik, R.
(1994) Differential expression of a new dominant agouti allele (aiapy) is correlated
with methylation state and is influences by parental lineage. Genes and Development,
8:1463–1472.
Mikkelsen, T., Ku, M., Jaffe, D., Issac, B., Lieberman, E., Giannoukos, G., Alvarez, P.,
Brockman, W., and Bernstein, B. (2007) Genome-wide maps of chromatin state in
pluripotent and lineage-committed cells. Nature, 448:553–560.
Milne, I., Stephen, G., Bayer, M., Cock, P., Pritchard, L., Cardle, L., Shaw, P., and Mar-
shall, D. (2013) Using Tablet for visual exploration of second-generation sequencing
data. Briefings in Bioinformatics, 142:193–202.
Morgan, H., Sutherland, H., Martin, D., and Whitelaw, E. (1999) Epigenetic inheritance
at the agouti locus in the mouse. Nature Genetics, 23:314–318.
References 315
Morgante, M., Brunner, S., Pea, G., Fengler, K., Zuccolo, A., and Rafalski, A.
(2005) Gene duplication and exon shuffling by helitron-like transposons generate
intraspecies diversity in maize. Nature Genetics, 37:997–1002.
Muller, H. (1930) The frequency of translocations produced by X-rays in Drosophila.
Genetics, 16:277–285.
Mu¨ller, J., Hart, C., Francis, N., Vargas, M., Sengupta, A., Wild, B., Miller, E.,
O’Connor, M., Kingston, R., and Simon, J. (2002) Histone methyltransferase activity
of a Drosophila Polycomb group repressor complex. Cell, 18:197–208.
Murakami, K., Elmlund, H., Kalisman, N., Bushnell, D., Adams, C., Azubel, M., Elm-
lund, D., Levi-Kalisman, Y., Liu, X., Gibbons, B., Levitt, M., and Kornberg, R.
(2013) Architecture of an RNA polymerase II transcription pre-initiation complex.
Science, 342:1238724.
Nagaki, K., Cheng, Z., Ouyang, S., Talbert, P., Kim, M., Jones, K., Henikoff, S., and
Buell, C. (2004) Sequencing of a rice centromere uncovers active genes. Nature
Genetics, 36:138–145.
Nakahigashi, K., Jasencakova, Z., Schubert, I., and Goto, K. (2005) The Arabisop-
sis HETEROCHROMATIN PROTEIN1 homolog (TERMINAL FLOWER2) silences
genes within euchromatic regions but not genes positioned in the heterochromatin.
Plant and Cell Physiology, 46:1747–1756.
Nakayama, J.-I., Rice, J., Strahl, B., Allis, C., and Grewal, S. (2001) Role of histone
H3 lysine 9 methylation in epigenetic control of heterochromatin assembly. Science,
292:110–113.
Naumann, K., Fischer, A., Hofmann, I., Krauss, V., Phalke, S., Irmler, K., Hause, G.,
Aurich, A.-C., Dorn, R., Jenuwein, T., and Reuter, G. (2005) Pivotal role of At-
SUVH2 in heterochromatic histone methylation and gene silencing in Arabidopsis.
The EMBO Journal, 24:1418–1429.
Ng, H. and Bird, A. (1999) DNA methylation and chromatin modification. Current
Opinion in Genetics and Development, 9:158–163.
References 316
Nordborg, M., Hu, T., Ishino, Y., Jhaveri, J., Toomajian, C., Zheng, H., Bakker, E.,
Calabrese, P., Gladstone, J., Goyal, R., Jakobsson, M., Kim, S., Morozov, Y., Pad-
hukasahasram, B., Plagnol, V., Rosenberg, N., Shah, C., Wall, J., Wang, J., Zhao, K.,
Kalbfleisch, T., Schulz, V., Kreitman, M., and Bergelson, J. (2005) The pattern of
polymorphism in Arabidopsis thaliana. PLoS Biology, 3:e196.
Oki, N., Yano, K., Okumoto, Y., Tsukiyama, T., Teraishi, M., and Tanisaka, T. (2008)
A genome-wide view of miniature inverted-repeat transposable elements (MITEs) in
rice, Oryza sativa ssp. japonica. Genes and Genetic Systems, 83:321–329.
Okonechnikov, K., Golosova, O., and Fursov, M. (2012) Unipro UGENE: a unified
bioinformatics toolkit. Bioinformatics, 28:1166–1167.
Oliver, S., Finnegan, E., Dennis, E., Peacock, W., and Trevaskis, B. (2009)
Vernalization-induced flowering in cereals is associated with changes in histone
methylation at the VERNALIZATION1 gene. Proceedings of the National Academy
of Sciences of the United States of America, 106:8386–8391.
O’Neill, L. and Turner, B. (2003) Immunoprecipitation of native chromatin: NChIP.
Methods, 31:76–82.
Orlando, V. (2000) Mapping chromosomal proteins in vivo by formaldehyde-
crosslinked-chromatin immunoprecipitation. Trends in Biochemical Sciences, 25:
99–104.
Otto, S. and Whitton, J. (2000) Polyploid incidence and evolution. Annual Review of
Genetics, 34:401–437.
Pandey, R., Mu¨ller, A., Napoli, C., Selinger, D., Pikaard, C., Richards, E., Bender, J.,
Mount, D., and Jorgensen, R. (2002) Analysis of histone acetyltransferase and histone
deacetylase families of Arabidopsis thaliana suggests functional diversification of
chromatin modification among multicellular eukaryotes. Nucleic Acids Research,
30:5036–5055.
References 317
Papaefthimiou, D. and Tsaftaris, A. (2012) Characterization of a drought inducible
trithorax-like H3K4 methyltransferase from barley. Biologia Plantarum, 56:683–
692.
Park, P. (2009) ChIP-seq: advantages and challenges of a maturing technology. Nature
Reviews Genetics, 10:669–680.
Park, S., Oh, S., and van Nocker, S. (2012) Genomic and gene-level distribution of
histone H3 dimethyl lysine-27 (H3K27me2) in Arabidopsis. PLoS ONE, 7:e52855.
Pasini, D., Malatesta, M., Jung, H., Walfridsson, J., Willer, A., Olsson, J., L. Skotte,
Wutz, A., Porse, B., Jensen, O., and Helin, K. (2010) Characterization of an an-
tagonistic switch between histone H3 lysine 27 methylation and acetylation in the
transcriptional regulation of Polycomb group target genes. Nucleic Acids Research,
38:4958–4969.
Paterson, A., Bowers, J., Bruggmann, R., Dubchak, I., Grimwood, J., Gundlach, H.,
Haberer, G., Hellsten, U., Mitros, T., Poliakov, A., Schmutz, J., Spannagl, M., Tang,
H., Wang, X., Wicker, T., Bharti, A., Chapman, J., Feltus, F., Gowik, U., Grigoriev, I.,
Lyons, E., Maher, C., Martis, M., Narechania, A., Otillar, R., Penning, B., Salamov,
A., Wang, Y., Zhang, L., Carpita, N., Freeling, M., Gingle, A., Hash, C., Keller,
B., Klein, P., Kresovich, S., McCann, M., Ming, R., Peterson, D., ur Rahman, M.,
Ware, D., Westhoff, P., Mayer, K., Messing, J., and Rokhsar, D. (2009) The Sorghum
bicolor genome and the diversification of the grasses. Nature, 457:551–556.
Pauler, F., Sloane, M., Huang, R., Regha, K., Koerner, M., Tamir, I., Sommer, A.,
Aszodi, A., Jenuwein, T., and Barlow, D. (2009) H3K27me3 forms BLOCs over
silent genes and intergenic regions and specifies a histone banding pattern on a mouse
autosomal chromosome. Genome Research, 19:221–233.
Pekowska, A., Benoukraf, T., Ferrier, P., and Spicuglia, S. (2010) A unique H3K4me2
profile marks tissue-specific gene regulation. Genome Research, 20:1493–1502.
Pepke, S., Wold, B., and Mortazavi, A. (2009) Computation for ChIP-seq and RNA-seq
studies. Nature Methods, 6:S22–32.
References 318
Peters, A., Kubicek, S., Mechtler, K., O’Sullivan, R., Derijck, A., Perez-Burgos, L.,
Kohlmaier, A., Opravil, S., Tachibana, M., Shinkai, Y., Martens, J., and Jenuwein,
T. (2003) Partitioning and plasticity of repressive histone methylation states in mam-
malian chromatin. Molecular Cell, 12:1577–1589.
Petesch, S. and Lis, J. (2012) Overcoming the nucleosome barrier during transcript
elongation. Trends in Genetics, 28:285–294.
Petruk, S., Sedkov, Y., Smith, S., Tillib, S., Kraevski, V., Nakamura, T., Canaani, E.,
Croce, C., and Mazo, A. (2001) Trithorax and dCBP acting in a complex to maintain
expression of a homeotic gene. Science, 294:1331–1334.
Pikaard, C. (2001) Genomic change and gene silencing in polyploids. Trends in Genet-
ics, 17:675–677.
Prlic´, A., Yates, A., Bliven, S., Rose, P., Jacobsen, J., Troshin, P., Chapman, M., Gao,
J., Koh, C., Foisy, S., Holland, R., Rimsa, G., Heuer, M., Brandsta¨tter-Mu¨ller, H.,
Bourne, P., and Willis, S. (2012) BioJava: an open-source framework for bioinfor-
matics. Bioinformatics, 28:2693–2695.
Qian, C. and Zhou, M. (2006) SET domain protein lysine methyltransferases: structure,
specificity and catalysis. Cellular and Molecular Life Sciences, 63:2755–2763.
Qin, F., Sun, Q., Huang, L., Chen, X., and Zhou, D. (2010) Rice SUVH histone methyl-
transferase genes display specific functions in chromatin modification and retrotrans-
poson repression. Molecular Plant, 3:773–782.
Quinlan, A. and Hall, I. (2010) BEDTools: a flexible suite of utilities for comparing
genomic features. Bioinformatics, 26:841–842.
Ranwez, V., Harispe, S., Delsuc, F., and Douzery, E. (2011) MACSE: Multiple Align-
ment of Coding SEquences accounting for frameshifts and stop codons. PLoS One,
6:e22594.
Rebollo, R., Karimi, M., Bilenky, M., Gagnier, L., Miceli-Royer, K., Zhang, Y.,
Goyal, P., Keane, T., Jones, S., Hirst, M., Lorincz, M., and Mager, D. (2011)
References 319
Retrotransposon-induced heterochromatin spreading in the mouse revealed by inser-
tional polymorphisms. PLoS Genetics, 7:e1002301.
Ricardi, M., Gonza´lez, R., and Iusem, N. (2010) Protocol: fine-tuning of a chromatin
immunoprecipitation (ChIP) protocol in tomato. Plant Methods, 6:11.
Rigal, M. and Mathieu, O. (2011) A ”mille-feuille” of silencing: epigenetic control of
transposable elements. Biochimica et Biophysica Acta, 1809:452–458.
Rizzon, C., Ponger, L., and Gaut, B. (2006) Striking similarities in the genomic dis-
tribution of tandemly arrayed genes in Arabidopsis and rice. PLoS Computational
Biology, 2:e115.
Rossi, V., Locatelli, S., Varotto, S., Donn, G., Pirona, R., Henderson, D., Hartings, H.,
and Motto, M. (2007) Maize histone deacetylase hda101 is involved in plant develop-
ment, gene transcription, and sequence-specific modulation of histone modification
of genes and repeats. The Plant Cell, 19:1145–1162.
Roudier, F., Ahmed, I., Be´rard, C., Sarazin, A., Mary-Huard, T., Cortijo, S., Bouyer,
D., Caillieux, E., and Colot, V. (2011) Integrative epigenomic mapping defines four
main chromatin states in Arabidopsis. The EMBO Journal, 30:1928–1938.
Roulin, A., Auer, P., Libault, M., Schlueter, J., Farmer, A., May, G., Stacey, G., Doerge,
R., and Jackson, S. (2012) The fate of duplicated genes in a polyploid plant genome.
The Plant Journal, 73:143–153.
Salse, J., Bolot, S., Throude, M., Jouffe, V., Piegu, B., Quraishi, U., Calcagno, T.,
Cooke, R., Delseny, M., and Feuillet, C. (2008) Identification and characterization of
shared duplications between rice and wheat provide new insight into grass genome
evolution. The Plant Cell, 20:11–24.
Sambrook, J., Fritsch, E., and Maniatis, T. (1989), Detection and analysis of proteins
expressed from cloned genes. In Nolan, C., editor, Molecular Cloning: A Laboratory
Manual. Cold Spring Harbor Laboratory Press, Cold Spring Harbor, New York.
References 320
Sato, K., Shin, I., Shinozaki, K., Takeda, Y., Yamazaki, Y., Conte, M., and Kohara, Y.
(2009) Development of 5006 full-length cDNAs in barley: a tool for accessing cereal
genomics resources. DNA Research, 16:81–89.
Schaft, D., Roguev, A., Kotovic, K., Shevchenko, A., Sarov, M., Shevchenko, A.,
Neugebauer, K., and Francis Stewart, A. (2003) The histone 3 lysine 36 methyl-
transferase, SET2, is involved in transcriptional elongation. Nucleic Acids Research,
31:2475–2482.
Schmutz, J., Cannon, S., Schlueter, J., Ma, J., Mitros, T., Nelson, W., Hyten, D., Song,
Q., Thelen, J., Cheng, J., Xu, D., Hellsten, U., May, G., Yu, Y., Sakurai, T., Umezawa,
T., Bhattacharyya, M., Sandhu, D., Valliyodan, B., Lindquist, E., Peto, M., Grant, D.,
Shu, S., Goodstein, D., Barry, K., Futrell-Griggs, M., Abernathy, B., Du, J., Tian,
Z., Zhu, L., Gill, N., Joshi, T., Libault, M., Sethuraman, A., Zhang, X., Shinozaki,
K., Nguyen, H., Wing, R., Cregan, P., Specht, J., Grimwood, J., Rokhsar, D., Stacey,
G., Shoemaker, R., and Jackson, S. (2010) Genome sequence of the paleopolyploid
soybean. Nature, 463:187–183.
Schnable, J., Springer, N., and Freeling, M. (2011) Differentiation of the maize
subgenomes by genome dominance and both ancient and ongoing gene loss. Pro-
ceedings of the National Academy of Sciences of the United States of America, 108:
4069–4074.
Schnable, J., Springer, N., and Freeling, M. (2012) Genome-wide analysis of syntenic
gene deletion in the grasses. Genome Biology and Evolution, 4:265–277.
Schnable, P., Ware, D., Fulton, R., Stein, J., Wei, F., Pasternak, S., Liang, C., ..., and
Wilson, R. (2009) The B73 maize genome: complexity, diversity and dynamics. Sci-
ence, 326:1112–1115.
Schnaithmann, F., Kopahnke, D., and Pillen, K. (2014) A first step toward the develop-
ment of a barley NAM population and its utilization to detect QTLs conferring leaf
rust seedling resistance. Theoretical and Applied Genetics, 127:1513–1525.
References 321
Schoppee Bortz, P. and Wamhoff, B. (2011) Revisiting the efficacy of sample prepara-
tion, sonication, quantification of sheared DNA, and analysis via PCR. PLoS One, 6:
e26015.
Schuettengruber, B., Chourrout, D., Vervoort, M., Leblanc, B., and Cavalli, G. (2007)
Genome regulation by Polycomb and Trithorax proteins. Cell, 128:735–745.
Schuettengruber, B., Martinez, A.-M., Iovino, N., and Cavalli, G. (2011) Trithorax
group proteins: switching genes on and keeping them active. Nature Reviews Molec-
ular Cell Biology, 12:799–814.
Seo, T.-K. and Kishino, H. (2007) Synonymous substitutions substantially improve evo-
lutionary inference from highly diverged proteins. Systematic Biology, 57:367–377.
Sequeira-Mendes, J., Aragu¨ez, I., Peiro´, R., Mendez-Giraldez, R., Zhang, X., Jacobsen,
S., Bastolla, U., and Gutierrez, C. (2014) The functional topography of the Arabidop-
sis genome is organized in a reduced number of linear motifs of chromatin states. The
Plant Cell, 26:2351–2366.
Shi, J. and Dawe, R. (2006) Partitioning of the maize epigenome by the number of
methyl groups on histone H3 lysines 9 and 27. Genetics, 173:1571–1583.
Sims, J., Houston, S., Magazinnik, T., and Rice, J. (2006) A trans-tail histone code
defined by monomethylated H4 Lys-20 and H3 Lys-9 demarcates distinct regions of
silent chromatin. The Journal of Biological Chemistry, 281:12760–12766.
Skinner, M., Uzilov, A., Stein, L., Mungall, C., and Holmes, I. (2009) JBrowse: A
next-generation genome browser. Genome Research, 19:1630–1638.
Smallwood, A., Este`ve, P.-O., Pradhan, S., and Carey, M. (2007) Functional cooperation
between HP1 and DNMT1 mediates gene silencing. Genes and Development, 21:
1169–1178.
Springer, N. (2013) Epigenetics and crop improvement. Trends in Genetics, 29:241–
247.
References 322
Springer, N., Napoli, C., Selinger, D., Pandey, R., Cone, K., Chandler, V., Kaeppler, H.,
and Kaeppler, S. (2003) Comparative analysis of SET domain proteins in maize and
Arabidopsis reveals multiple duplications preceding the divergence of monocots and
dicots. Plant Physiology, 132:907–925.
Stark, R. and Brown, G., (2011). DiffBind: differential binding analysis of ChIP-
seq peak data. Bioconductor. http://bioconductor.org/packages/
release/bioc/vignettes/DiffBind/inst/doc/DiffBind.pdf.
Last accessed Jan 13, 2015.
Steffenson, B., Olivera, P., Roy, J., Yue, A., Jin, B., Smith, K., and Muehlbauer, G.
(2007) A walk on the wild side: mining wild wheat and barley collections for rust
resistance genes. Australian Journal of Agricultural Research, 58:532–544.
Stewart, M., Li, J., and Wong, J. (2005) Relationship between histone H3 lysine 9
methylation, transcription repression, and Heterochromatin Protein 1 recruitment.
Molecular and Cellular Biology, 25:2525–2538.
Sui, P., Shi, J., Gao, X., Shen, W.-H., and Dong, A. (2013) H3K36 methylation is
involved in promoting rice flowering. Molecular Plant, 6:975–977.
Szenker, E., Ray-Gallet, D., and Almouzni, G. (2011) The double face of the histone
variant H3.3. Cell Research, 21:421–434.
Tanurdzic, M., Vaughn, M., Jiang, H., Lee, T., Slotkin, R., Sosinski, B., Thompson, W.,
Doerge, R., and Martienssen, R. (2008) Epigenomic consequences of immortalized
plant cell suspension culture. PLoS Biology, 6:e302.
Terzi, L. and Simpson, G. (2009) Arabidopsis RNA immunoprecipitation. The Plant
Journal, 59:163–168.
Thiel, T., Graner, A., Waugh, R., Grosse, I., Close, T., and Stein, N. (2009) Evidence
and evolutionary analysis of ancient whole-genome duplication in barley predating
the divergence from rice. BMC Evolutionary Biology, 9:209.
References 323
Thomas, B., Pederson, B., and Freeling, M. (2006) Following tetraploidy in an Ara-
bidopsis ancestor, genes were removed preferentially from one homeolog leaving
clusters enriched in dose-sensitive genes. Genome Research, 16:934–946.
Thorstensen, T., Fischer, A., Sandvik, S., Johnsen, S., Grini, P., Reuter, G., and Aalen,
R. (2006) The Arabidopsis SUVR4 protein is a nucleolar histone methyltransferase
with preference for monomethylated H3K9. Nucleic Acids Research, 34:5461–5470.
Tian, Z., Rizzon, C., Du, J., Zhu, L., Bennetzen, J., Jackson, S., Gaut, B., and Ma, J.
(2009) Do genetic recombination and gene density shape the pattern of DNA elimina-
tion in rice long terminal repeat retrotransposons? Genome Research, 19:2221–2230.
Tremethick, D. (2007) Higher-order structures of chromatin: the elusive 30 nm fiber.
Cell, 128:651–654.
Trojer, P. and Reinberg, D. (2007) Facultative heterochromatin: is there a distinctive
molecular signature? Molecular Cell, 28:1–13.
Tsirigos, A., Haiminen, N., Bilal, E., and Utro, F. (2012) GenomicTools: a computa-
tional platform for developing high-throughput analytics in genomics. Bioinformat-
ics, 15:282–283.
Turck, F., Roudier, F., Farrona, S., Martin-Magniette, M., Guillaume, E., Buisine,
N., Gagnot, S., Martienssen, R., Coupland, G., and Colot, V. (2007) Arabidopsis
TFL2/LHP1 specifically associates with genes marked by trimethylation of histone
H3 lysine 27. PLoS Genetics, 3:e86.
van Dijk, K., Ding, Y., Malkaram, S., Riethoven, M., J.-J., Liu, R., Yang, J., Laczko,
P., Chen, H., Xia, Y., Ladunga, I., Avramova, Z., and Fromm, M. (2010) Dynamic
changes in genome-wide histone H3 lysine 4 methylation patterns in response to
dehydration stress in Arabidopsis thaliana. BMC Plant Biology, 10:238.
Vanin, E. (1985) Processed pseudogenes: characteristics and evolution. Annual Review
of Genetics, 19:253–272.
Vaquero-Sedas, M., Luo, C., and Vega-Palas, M. (2012) Analysis of the epigenetic
status of telomeres by using ChIP-seq data. Nucleic Acids Research, 40:e163.
References 324
Venkatesh, S., Smolle, M., Li, H., Gogol, M., Saint, M., Kumar, S., Natarajan, K.,
and Workman, J. (2012) Set2 methylation of histone H3 lysine36 suppresses histone
exchange on transcribed genes. Nature, 489:452–455.
Vermeulen, M. and Timmers, H. (2010) Grasping trimethylation of histone H3 at lysine
4. Future Medicine, 2:395–406.
Vermeulen, M., Mulder, K., Denissov, S., Pijnappel, W., van Schaik, F., Varier, R.,
Baltissen, M., Stunnenberg, H., Mann, M., and Timmers, H. (2007) Selective an-
choring of TFIID to nucleosomes by trimethylation of histone H3 lysine 4. Cell, 131:
58–69.
Villar, C. and Ko¨hler, C. (2010) Plant chromatin immunoprecipitation. Methods in
Molecular Biology, 655:401–411.
Volpe, T., Kidner, C., Hall, I., Teng, G., Grewal, S., and Martienssen, R. (2002) Reg-
ulation of heterochromatic silencing and histone H3 lysine-9 methylation by RNAi.
Science, 297:1833–1837.
Wagner, A. (1999) Redundant gene functions and natural selection. Journal of Evolu-
tionary Biology, 12:1–16.
Wagschal, A., Delaval, K., Pannetier, M., Arnaud, P., and Feil, R. (2007) Chromatin
immunoprecipitation (ChIP) on unfixed chromatin from cells and tissues to analyze
histone modifications. Cold Spring Harbor Protocols, doi: 10.1101/pdb.prot4767.
Wang, K., Yang, Y., Liu, B., Sanyal, A., Corces-Zimmerman, R., Chen, Y., Lajoie,
B., Protacio, A., Flynn, R., gupta, R., Wysocka, J., Lei, M., Dekker, J., Helms, J.,
and Chang, H. (2011) Long noncoding RNA programs active chromatin domain to
coordinate homeotic gene activation. Nature, 472:120–124.
Wang, X., Elling, A., Li, X., Li, N., Peng, Z., He, G., Sun, H., Qi, Y., Liu, X., and Deng,
X. (2009) Genome-wide and organ-specific landscapes of epigenetic modifications
and their relationships to mRNA and small RNA transcriptomes in maize. The Plant
Cell, 21:1053–1069.
References 325
Wang, Y., Tang, H., Debarry, J., Tan, X., Li, J., Wang, X., Lee, T., Jin, H., Marler, B.,
Guo, H., Kissinger, J., and Paterson, A. (2012) MCScanX: a toolkit for detection and
evolutionary analysis of gene synteny and collinearity. Nucleic Acids Research, 407:
e49.
Warnecke, T., Becker, E., Facciotti, M., Nislow, C., and Lehner, B. (2013) Conserved
substitution patterns around nucleosome footprints in eukaryotes and archaea derive
from frequent nucleosome repositioning through evolution. PLoS Computational
Biology, 9:e1003373.
Weber, C. and Henikoff, S. (2014) Histone variants: dynamic punctuation in transcrip-
tion. Genes and Development, 28:672–682.
Wei, F., Wing, R., and Wise, R. (2002) Genome dynamics and evolution of the Mla
(powdery mildew) resistance locus in barley. The Plant Cell, 14:1903–1917.
West, P., Li, Q., Ji, L., Eichten, S., Song, J., Vaughn, M., Schmitz, R., and Springer, N.
(2014) Genomic distribution of H3K9me2 and DNA methylation in a maize genome.
PLoS ONE, 9:e105267.
Wicker, T., Sabot, F., Hua-Van, A., Bennetzen, J., Capy, P., Chalhoub, B., Flavell, A.,
Leroy, P., Morgante, M., Panaud, O., Paux, E., SanMiguel, P., and Schulman, A.
(2007) A unified classification system for eukaryotic transposable elements. Nature
Reviews Genetics, 8:973–982.
Wicker, T., Buchmann, J., and Keller, B. (2010) Patching gaps in plant genomes results
in gene movement and erosion of colinearity. Genome Research, 20:1229–1237.
Wicker, T., Mayer, K., Gundlach, H., Martis, M., Steuernagel, B., Scholz, U., S˘imkova´,
H., and Stein, N. (2011) Frequent gene movement and pseudogene evolution is com-
mon to the large and complex genomes of wheat, barley and their relatives. The Plant
Cell, 23:1706–1718.
Wilbanks, E. and Facciotti, M. (2010) Evaluation of algorithm performance in ChIP-seq
peak detection. PLoS ONE, 5:e11471.
References 326
Winterfeld, G. and Ro¨ser, M. (2007) Chromosomal localization and evolution of satel-
lite DNAs and heterochromatin in grasses (Poaceae), especially tribe Aveneae. Plant
Systematics and Evolution, 264:75–100.
Wolfe, K. (2000) Robustness-its not where you think it is. Nature Genetics, 25:3–4.
Wolfe, K. (2001) Yesterdays polyploids and the mystery of diploidization. Nature Re-
views Genetics, 2:333–341.
Wong, K. and Moqtaderi, Z. (2009) Multiplex Illumina sequencing using DNA barcod-
ing. Current Protocols in Molecular Biology, 101:7.11.1–7.11.11.
Woodhouse, M., Schnable, J., Pederson, B., Lyons, E., Lisch, D., Subramaniam, S., and
Freeling, M. (2010) Following tetraploidy in maize, a short deletion mechanism re-
moved genes preferentially from one of two homeologs. PLoS Biology, 8:e10000409.
Workman, J. (2006) Nucleosome displacement in transcription. Genes and Develop-
ment, 20:2009–2017.
Wreggett, K., Hill, F., James, P., Hutchings, A., Butcher, G., and Singh, P. (1994) A
mammalian homologue of Drosophila heterochromatin protein 1 (HP1) is a compo-
nent of constitutive heterochromatin. Cytogenetic and Genome Research, 66:99–103.
Wright, S., Foxe, J., DeRose-Wilson, L., Kawabe, A., Looseley, M., Gaut, B., and
Charlesworth, D. (2006) Testing for effects of recombination rate on nucleotide di-
versity in natural populations of Arabidopsis lyrata. Genetics, 174:1421–1430.
Wu, Y., Kikuchi, S., Yan, H., Zhang, W., Rosenbaum, H., Iniguez, L., and Jiang, J.
(2011) Euchromatic subdomains in rice centromeres are associated with genes and
transcription. The Plant Cell, 23:4054–4064.
Wyandt, H. and Tonk, V. (2012), Chromosome heteromorphism. In Human Chromo-
some Variation: Heteromorphism and Polymorphism, pages 7–32. Springer, Nether-
lands.
Xiao, T., Hall, H., Kizer, K., Shibata, Y., Hall, M., Borchers, C., and Strahl, B. (2003)
Phosphorylation of RNA polymerase II CTD regulates H3 methylation in yeast.
Genes and Development, 17:654–663.
References 327
Xu, F., Zhang, K., and Grunstein, M. (2005) Acetylation in histone H3 globular domain
regulates gene expression in yeast. Cell, 121:375–385.
Xu, H., Handoko, L., Wei, X., Ye, C., Sheng, J., Wei, C., Lin, F., and Sung, W. (2010)
A signal-noise model for significance analysis of ChIP-seq with negative control.
Bioinformatics, 26:1199–1204.
Xu, Y., Gan, E.-S., Zhou, J., Wee, W.-Y., Zhang, X., and Ito, T. (2014) Arabidop-
sis MRG domain proteins bridge two histone modifications to elevate expression of
flowering genes. Nucleic Acids Research, 42:10960–10974.
Yamada, S., Ohta, K., and Yamada, T. (2013) Acetylated histone H3K9 is associated
with meiotic recombination hotspots, and plays a role in recombination redundantly
with other factors including the H3K4 methylase Set1 in fission yeast. Nuclei Acids
Research, 41:3504–3517.
Yamaguchi, N., Winter, C., Wu, M., Kwon, C., William, D., and Wagnera, D. (2014)
PROTOCOLS: chromatin immunoprecipitation from Arabidopsis tissues. The Ara-
bidopsis Book, 12:e0170.
Yan, H., Jin, W., Nagaki, K., Tian, S., Ouyang, S., Buell, C., Talbert, P., Henikoff, S.,
and Jianga, J. (2005) Transcription and histone modifications in the recombination-
free region spanning a rice centromere. The Plant Cell, 17:3227–3238.
Yang, J., Gu, Z., and Li, W. (2003)a Rate of protein evolution versus fitness effect of
gene deletion. Molecular Biology and Evolution, 20:772–774.
Yang, L. and Gaut, B. (2011) Factors that contribute to variation in evolutionary rate
among Arabidopsis genes. Molecular Biology and Evolution, 28:2359–2369.
Yang, L., Biswas, M., and Chen, P. (2003)b Study of binding between protein A and
immunoglobulin G using a surface tension probe. Biophysical Journal, 84:509–522.
Yang, Y., Fear, J., Hu, J., Haecker, I., Zhou, L., Renne, R., Bloom, D., and McIntyre, L.
(2014) Leveraging biological replicates to improve analysis in ChIP-seq experiments.
Computational and Structural Biotechnology Journal, 31:e201401002.
References 328
Yang, Z. (2007) PAML 4: a program package for phylogenetic analysis by maximum
likelihood. Molecular Biology and Evolution, 24:1586–191.
Yang, Z. and Bielawski, J. (2000) Statistical methods for detecting molecular adapta-
tion. Trends in Ecology and Evolution, 15:496–503.
Yasuhara, J. and Wakimoto, B. (2006) Oxymoron no more: the expanding world of
heterochromatic genes. Trends in Genetics, 22:330–338.
Yasuhara, J. and Wakimoto, B. (2014) Molecular landscape of modified histones
in Drosophila heterochromatic genes and euchromatin-heterochromatin transition
zones. PLoS Genetics, 4:e16.
Yin, B., Guo, L., Zhan, D., Terzaghi, W., Wang, X., Liu, T., Hea, H., Cheng, Z., and
Deng, X. (2008) Integration of cytological features with molecular and epigenetic
properties of rice chromosome 4. Molecular Plant, 1:816–829.
Yu, Y., Xu, T., Yu, Y., Hao, P., and Li, X. (2010) Association of tissue lineage and
gene expression: conservatively and differentially expressed genes define common
and special functions of tissues. Bioinformatics, 11(Suppl 11):S1.
Zeng, J. and Yi, S. (2014) Specific modifications of histone tails, but not DNA methy-
lation, mirror the temporal variation of mammalian recombination hotspots. Genome
Biology and Evolution, 6:2918–2929.
Zhang, L. and Gaut, B. (2003) Does recombination shape the distribution and evolution
of tandemly arrayed genes (TAGs) in the Arabidopsis thaliana genome? Genome
Research, 13:2533–2540.
Zhang, Q., Arbuckle, J., and Wessler, S. (2000) Recent, extensive, and preferential
insertion of members of the miniature inverted-repeat transposable element family
Heartbreaker into genic regions of maize. Proceedings of the National Academy of
Sciences of the United States of America, 97:1160–1165.
Zhang, W., Wu, Y., Schnable, J., Zeng, Z., Freeling, M., Crawford, G., and Jiang, J.
(2012) High-resolution mapping of open chromatin in the rice genome. Genome
Research, 22:151–162.
References 329
Zhang, X., Clarenz, O., Cokus, S., Bernatavichute, Y., Pellegrini, M., Goodrich, J., and
Jacobsen, S. (2007) Whole-genome analysis of histone H3 lysine 27 trimethylation
in Arabidopsis. PLoS Biology, 5:e129.
Zhang, X., Bernatavichute, Y., Cokus, S., Pellegrini, M., and Jacobsen, S. (2009)
Genome-wide analysis of mono-, di- and trimethylation of histone H3 lysine 4 in
Arabidopsis thaliana. Genome Biology, 10:R62.
Zhang, Y., Liu, T., Meyer, C., Eeckhoute, J., Johnson, D., Bernstein, B., C., N., My-
ers, R., Brown, M., and Liu, X. (2008) Model-based analysis of ChIP-seq (MACS).
Genome Biology, 9:R137.
Zhou, J., Wang, X., He, K., Charron, J.-B., Elling, A., and Deng, X. (2010) Genome-
wide profiling of histone H3 lysine 9 acetylation and dimethylation in Arabidop-
sis reveals correlation between multiple histone marks and gene expression. Plant
Molecular Biology, 72:585–595.
Zhu, X., Ma, H., and Chen, Z. (2011) Phylogenetics and evolution of Su(var)3-9 SET
genes in land plants: rapid diversification in structure and function. BMC Evolution-
ary Biology, 11:63.
Zou, C., Lehti-Shiu, M., Thibaud-Nissen, F., Prakash, T., Buell, C., and Shiu, S.-H.
(2009) Evolutionary and expression signatures of pseudogenes in Arabidopsis and
rice. Plant Physiology, 151:3–15.
